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Abstract
Within the last decade solar neutrino physics has evolved into a field of relevance not only for
probing our understanding of stellar physics, but also for investigating and pinpointing intrinsic
neutrino properties, most importantly neutrino masses and mixing angles. To date, results
from six different and partly complementary experiments have been acquired. Taken together,
these experimental data provide evidence for neutrino oscillations, i.e. neutrino masses and
mixing, and thus physics beyond the standard model of electroweak interactions. Several
new experiments currently being planned or constructed will commence operation within the
next few years. They will provide additional complementary data and allow—together with
the already running detectors—performance of a full solar neutrino spectroscopy in both the
charged-current and the neutral-current detection mode. Performing a thorough comparison
of the spectral shape observed on Earth and the neutrino spectrum expected from solar model
computations will be essential for further pinpointing neutrino masses and mixing parameters.
This article, after giving a short introduction to the field, reviews the current status of solar
neutrino physics and gives an outlook on the potential which the upcoming experiments offer
for further progress.
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1. Solar neutrino physics: history
Neutrinos, being neutral particles, are subject only to the weak interaction (and gravity).
Therefore their detection in terrestrial detectors of at most a few hundred tons of material
becomes very difficult.
Neutrinos were first introduced into physics as hypothetical particles by Wolfgang Pauli
in 1930; see [114]. Pauli had to cope at that time with the fact that electrons emitted in
ordinary radioactive decays exhibited a continuous spectrum, suggesting the introduction
of a three-body rather than a two-body decay. His theory had been formulated, however,
before the discovery of the neutron. A two-particle decay led to a statistics which was not in
agreement with the results of optical spectroscopy, while a three-particle decay could explain
the continuous form of the electron spectrum and yielded the right statistics, but gave rise to a
series of other problems, which were only solved in 1932 with the discovery of the neutron by
Chadwick [36]. The third particle, which had been introduced by Pauli to add to the proton and
electron, was finally called the neutrino by Fermi, meaning ‘little neutron’ in Italian. Though
the existence of the neutrino had been seen earlier in recoil experiments [122], it remained
for Fred Reines et al [41, 121], in about 1956, to discover the neutrino in an actual reaction.
This reaction, which even nowadays is still used in antineutrino observations, reads in modern
language p + ν̄e → n + e+ . This first discovery of the neutrino won Reines the Nobel Prize
in 1995.
While complete parity conservation would require neutrinos to be of both helicities,
complete parity violation would involve only one helicity, as has been observed experimentally
by Goldhaber et al [74], according to whom neutrinos are emitted with only left-handed helicity,
νL . This follows nowadays also from the standard theory SU(2)L of electroweak interactions.
This theory assumes that only νL and ν̄R feel the weak forces. Thus, only the left-handed
fermions form doublets:
(u, d )L
−

(νe , e )L

(c, s )L
−

(νµ , µ )L

(t, b )L
(ντ , τ − )L

where the use of primes indicates that we are referring to the weak eigenstates of the down,
strange, and beauty quarks, which result from the mass eigenstates (d, s, b) via a unitary
transformation. The right-handed fermions, which do not participate in the weak interactions,
are singlets.
We shall use the notation for chirality νL = (1 + γ5 )ν and ν̄R = (1 + γ5 )ν̄, where

γ5 = 3i=0 γi .
Lederman, Schwartz, and Steinberger discovered in 1962 the existence of a second type
of neutrino [47]. Today we know that there are only three types of light neutrino. This
knowledge arises from experiments at CERN [32, 33], which measured the total width of the
Z0 resonance, attributing widths to six quarks, three charged leptons, and three light neutral
leptons, assuming the latter to have equal width. This procedure does not exclude heavier
neutrinos with mν  45 GeV. The three types of light neutrino are called νe (electron neutrino),
νµ (muon neutrino), and ντ (tau neutrino).
While we know a lot about the quarks and the charged leptons, we still know very little
about the neutrinos, including their mass values. Direct measurements of neutrino masses due
to their extremely small values yield at present only limits: m(νe ) < 2.2 eV (95% c.l.) [144],
m(νµ ) < 0.16 MeV (90% c.l.) [12], m(ντ ) < 18.2 MeV (95% c.l.) [33].
There also exists a theoretical mass limit for neutrinos of cosmological origin: attributing
the entire mass of the Universe to neutrinos only, and adding for safety reasons a factor of two
to
of the Universe, we arrive at a theoretical mass limit, which is given by
3the critical mass
2
i=1 m(νi )  10 eV.
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Information on the masses of neutrinos is available from three types of experiment:
(a) Direct determination of masses from kinematical experiments (energy and momentum
balance).
(b) Neutrinoless double β-decay (0ν–ββ decay).
(c) Neutrino oscillations.
As will be elucidated in the following section, neutrino oscillations in particular, being
a quantum mechanical interference effect, open the prospect of detecting even tiny mass
differences between neutrino eigenstates. Using electron neutrinos emitted by the Sun, neutrino
masses down to mν  10−6 eV can be investigated.

2. Neutrino oscillations
2.1. Neutrino masses and mixing
Neutrino oscillations are oscillating transitions να ↔ νβ (α, β = e, µ, τ ), where one kind of
neutrino transfers into another kind of neutrino distinguished by different leptonic quantum
numbers. We are usually dealing with ‘flavour’ oscillations, where the total lepton number is
conserved, L = 0, and only conservation of the family lepton numbers Lα is violated.
The idea of neutrino oscillations of the type particle ↔ antiparticle (ν ↔ ν̄) was first
introduced in 1958 by Pontecorvo [115], i.e. long before the observation of the second
type of neutrino. The idea of the mixing of massive neutrinos was introduced in 1962 by
Maki [110]. Two-flavour oscillations were also discussed by Pontecorvo in 1967 [116, 117].
A consistent phenomenological theory of neutrino mixing and oscillations was developed in
1969 by Gribov and Pontecorvo [79]. In the case of quarks, such mixing and the associated
oscillations are well known. Here it is observed, though theoretically not understood, that the
eigenstates (d , s , b ) entering the weak charged current are orthonormal linear combinations of
the energy eigenstates (d, s, b) of quarks. The weak eigenstates are thereby those states which
are produced in weak decays, while the energy eigenstates are those states which determine
the propagation of particles in the vacuum, i.e.
|ν(t, x) = |ν(0) exp (−i(Et − p · x)).
The relation between the two kinds of eigenstate is given by the Cabibbo–Kobayashi–Maskawa
mixing matrix:
 
  
Ud1 Ud2 Ud3
d
d

s .
s = Us1 Us2 Us3
b
b
Ub1 Ub2 Ub3
This connection is linear as a consequence of basic principles of quantum mechanics. Due
to redundancies, it is sufficient to write this relation between either the upper or lower states
of the quark families, where for quarks the lower states have been chosen. The nine complex
coefficients of the mixing matrix reduce to nine real coefficients because of the unitarity
condition. Again because of redundancies, these are reduced further to four parameters, three
being mixing angles and one being a phase. There appears no physical reason that such a
connection should not exist also for leptons. Again because of redundancies, one might write
such a relation for either the upper or lower states of the leptons, where it is customary to use
the upper states, i.e. the neutrinos, in order to leave the mass determinations of the charged
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leptons unchanged. Like in the case of quarks, there are only four relevant parameters in the
mixing matrix.
Two conditions are necessary for the appearance of neutrino oscillations:
(1) Lepton family quantum numbers are not strictly conserved, Lα = 0.
(2) At least two neutrinos differ in their mass values. If all neutrino masses are equal
(i.e. complete degeneracy, mi = m), then νβ |M|να  = mδαβ because of unitarity.
Oscillatory transitions να ↔ νβ would then be impossible.
Because neutrino oscillations exist only if neutrino masses exist, there is apparently a close
connection between neutrino oscillations and neutrino masses. The question arises here of why
neutrinos should have any mass value at all. Neutrinoless ββ-processes, which would imply
a lower bound on neutrino mass, have not yet been observed. This fact does not, however,
imply an upper bound on the mass of the neutrinos, because the matrix elements may exhibit
cancellations. Neutrinos appear in weak interactions only with definite chirality. Massive
neutrinos, on the other hand, require both chiralities, which would require a deviation from the
present standard model. Such a deviation, nevertheless, is possible. Massive neutrinos might
also partially be candidates for the missing dark matter in the Universe. They furthermore might
settle the question of whether the Universe is open, closed or flat. The rest mass of the photon
is zero, which is a consequence of the gauge invariance of the electromagnetic interaction.
For neutrinos, however, there is no similar invariance principle known. It furthermore has
to be explained why neutrino masses (if they exist) are much smaller than the masses of
charged leptons. The seesaw principle offers a remedy, yet at the expense of the introduction
of Majorana neutrinos.
2.2. Neutrino oscillations in vacuum
There are two types of experiment which might be envisaged:
(1) Appearance experiments, where one searches for the appearance of states with a new
flavour in a beam. Such experiments are by necessity particularly sensitive to mixing
parameters.
(2) Disappearance experiments, where one looks for the disappearance of neutrinos of the
initial flavour from a beam. Such experiments might involve, in particular, electron
neutrinos, in case there is not sufficient energy available to create neutrinos of another kind.
Such is the situation with reactor-produced neutrinos and solar neutrinos, whose energy
is far below the rest masses of the charged µ- and τ -leptons. These kinds of experiment
are particularly sensitive to small energies and therefore also to small mass values.
For solar neutrinos, only the experimental situation (2) is feasible for energetic reasons. In
the scheme with neutrino mixing, the neutrino flavour states are coherent superpositions of the
state vectors of neutrinos with different masses. This is the basic quantum mechanical reason
for the phenomenon of oscillations. We shall therefore discuss the problem of coherence:
non-degenerate mass eigenstates propagate with different velocities and must therefore have
been emitted at different times or places if they arrive on Earth at the same time or in the same
place. Interference between different mass eigenstates will only occur if the source remains
coherent over a time interval comparable to the difference in arrival times. The quantum
mechanical condition for such an interference is (v1 − v2 )t  cτcoh . Here, t is the transit
time of photons for the distance d between the Sun and the Earth, t ≈ d/c, while vi is the
transit velocity of the ith massive component between the Sun and the Earth and τcoh is the
coherence time within the Sun, which is essentially given by the collision time for one proton
with another. The times involved differ somewhat according to author: we have Nussinov
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et al [113], who arrives for mere proton–proton collisions at values τcoh = 10−17 s, Kraus and
Wilczek [99], who arrive at τcoh = 10−15 s, taking into account that we are really dealing with
a plasma, where collisions between protons and electrons matter, and Loeb [108], who arrives
at 5 × 10−15 s, by writing down all effects and coming to the conclusion that proton–proton
collisions dominate. In any case, we obtain in all theories for the vacuum oscillations in the
Sun–Earth distance full coherence for the 8 B neutrinos and even more so for all neutrinos of
lower energy. For the energies within the Sun where we might have the MSW effect to be
described below; full coherence is even more definitely present. It should be noted that the
problem of coherence was also treated by Stodolsky [132], who came to the conclusion that
the energy spectrum already contains all pertinent information.
If neutrinos appear in a mixed state, then we may have neutrino decay. The absence of
γ -rays from SN1987A shows, however, that the lifetimes of solar neutrinos are sufficiently
long to consider them to be constant. Neutrino oscillations like quark oscillations have the
prerequisite that eigenstates of the energy (or mass, in the case where the momentum of a
neutrino beam can be considered constant) and weak-interaction eigenstates differ, i.e. that
their relation has non-diagonal matrix elements. We shall discuss such oscillations now in
the presence of three neutrino states νe , νµ , ντ . The connection is (for quantum mechanical
reasons) given by a unitary transformation U , which is also called the mixing matrix:

Uαi |νi 
|να  =
i

and the inverse
|νi  =




(U † )iα |να  =
Uαi
|να 
α

α

where U U = 1.
We shall in the following assume neutrino masses to all have the same momentum state,
i.e. we shall assume the neutrino beams to have a common momentum. Being eigenstates of
the mass matrix, the states are stationary states, i.e. they have a time dependence4
†

νi (t) = exp (−iEi t)νi (t = 0)
where
Ei =


pν2 + m2i ≈ pν + m2i /(2pν ) ≈ Eν + m2i /(2Eν )

and we have assumed pν  mi , i.e. highly relativistic neutrinos. A pure flavour beam
να (0) = να at time zero thus would develop over time into the beam



Uαi exp(−iEi t)νi =
Uαi Uβi
exp(−iEi t)νβ .
ν(t) =
i

i,β

One usually measures probabilities. The probability of finding νβ at L ≈ t for light
(i.e. relativistic) neutrinos is given by

2



m2i
†

Uαi Uiβ exp −i
t 
(1)
P (να → νβ ) = 
2pν
i



m2ij L
†
(2)
|Uαi Uiβ2 |2 + Re
Uαi Uiβ† Uαj Ujβ
exp i
=
2Eν
i
i j =i
where m2ij = |m2i − m2j |.
4

For simplicity, we omit in the following the brackets |  denoting neutrino states.
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A straightforward calculation yields in the two-neutrino approximation for the
probabilities P of observing a neutrino of type νβ , if one has started at the origin with neutrino
type να ,

1 2
m2 t
P (να → νβ ) = P (ν̄α → ν̄β ) = sin 2θ 1 − cos
(3)
2
2Eν

(m2 /eV2 )(L/m)
= sin2 2θ sin2 1.27
(4)
(Eν /MeV)
if practical units are used and α = β.
This relation clearly shows the oscillatory behaviour of the neutrino oscillations, where
one starts with one kind of neutrino and generates either new types of neutrino (α = β) or
simple deviations of the neutrinos from ordinary expectations (α = β). It should be noted
in this context that in the oscillatory probability, smaller values of m2 require larger values
of the distance L. The expression for neutrino oscillations yields the normalized transition
probability for neutrino oscillations:
P (νe (0) → νµ (t)) = sin2 2θ(1 − cos(E2 − E1 ))
which clearly shows the appearance of an interference term containing the phase
φ = (E2 − E1 )t = (m2 /2pν )t.
From such experiments one therefore can get information on the mass parameter m2 , whereas
from experiments, where either probabilities of decay processes or reaction cross-sections are
measured, one only gets information on the squares of matrix elements of the weak interaction.
The direct observation of neutrino oscillations has been announced numerous times, but
so far always prematurely, with the possible exception of the observation of atmospheric
neutrinos in SUPERKAMIOKANDE, which might be genuine and if so would give rise to
neutrino masses. Another announcement of neutrino oscillations was recently made by a
Los Alamos group [14]. State mixing does not occur with neutrinos generated by a neutralcurrent interaction. Neutral-current interactions are in first order, in fact, diagonal in quark
and lepton fields, a consequence of the Glashow–Iliopoulos–Maiani (GIM) [149] mechanism
(or more generally the Cabibbo–Kobayashi–Maskawa mechanism). The mechanism provides
for the vanishing of neutral currents with family mixing. By consequence, neutral-current
interactions produce no flavour changes and no neutrino oscillations. There arises an immediate
application to the Sun: a measurement of solar neutrinos by neutral-current interactions
as envisaged by SNO, SUPERKAMIOKANDE and BOREXINO would provide the entire
neutrino flux from the Sun irrespective of oscillations between the three flavours and might
therefore serve as a calibration of neutrinos from the Sun—with the possible exception of
neutrino oscillations to a hypothetical ‘sterile’ neutrino that does not couple with the weak
neutral current.
2.3. Matter-enhanced oscillations
The MSW (Mikheyev, Smirnov, Wolfenstein) effect in matter was first discovered by
Wolfenstein [147, 148] and later on applied to a resonance effect by Mikheyev and Smirnov
[111]. The probability for flavour transitions can thereby be drastically increased, even if in
vacuum only small probabilities prevail. This holds, in particular, for the Sun. If neutrinos
are propagating in matter, we experience the interaction of the neutrinos with the electrons
in matter. This results in an additional contribution in the Hamiltonian, and we obtain for a
two-neutrino approximation after diagonalization

0
1 m22m
Hm =
2p
0
m21m

104

M F Altmann et al

with the eigenstates in matter:


1
m21 + m22 + A ∓ (A − D cos 2θ)2 + D 2 sin2 2θ
(5)
2
√
where D = m2 = m22 − m21 and A = 2 2GF Ne p. GF is the Fermi constant and Ne the
local electron density. For the mass-squared splitting of the matter eigenstates, we obtain

m2m := m22m − m21m = D (A/D − cos 2θ)2 + sin2 2θ.
m21m,2m =

Rewriting the Hamiltonian in the (νe , νµ )T basis of the flavour eigenstates, we obtain
(non-diagonal representation)


1 m21 + m22 − D cos 2θ + 2A
1 m2ee + A m2eµ
D sin 2θ
α
Hm =
.
=
2
2
2
2
+
m
D
sin
2θ
m
2p
4p
meµ
mµµ
1
2 + D cos 2θ
Here, the non-diagonal character of the interaction with the electrons should be noted—an
interaction which does not exist with the other types of charged lepton. The reason is that the
νe interact with the electrons in the solar matter via both W ± and Z 0 exchange, whereas the
νµ and ντ are subject to only the neutral-current interaction. Electron neutrinos, therefore,
‘feel’ an additional potential when traversing matter. The mixing matrix in matter, Um , with
the mixing angle in matter, θm , is defined by



νe
cos θm
ν1m
sin θm
=
νµ
− sin θm cos θm
ν2m
and its inverse



ν1m
ν2m


=

cos θm
sin θm



− sin θm
cos θm

νe
νµ

with the mixing angle given by tan 2θm = sin 2θ/(cos 2θ − A/D), where
sin 2θm = 

sin 2θ
(A/D − cos 2θ)2 + sin2 2θ

.

In passing, we note that for vanishing electron density Ne → 0, i.e. A → 0, we naturally have
m21m,2m → m21,2 , Dm → D, and θm → θ .
For the case of a resonance in matter (A/D ≈ cos 2θ), we have A = ARes = D Res cos 2θ ,
and we obtain for the amplitude of the oscillation the maximum value sin2 2θmRes = 1, or
θmRes = π/4. Because
sin2 2θm =

sin2 2θ
([A/pν ]/[D/pν ] −

cos 2θ )2

2

+ sin 2θ

∝

(E − E0

)2

1
+ (*FWHM /2)2

(6)

represents a Breit–Wigner distribution, we have a total width of the resonance, which is given
by *FWHM = 2(D/pν ) sin 2θ , thus growing with the vacuum mixing angle θ according to
sin 2θ .
It should be noted that antineutrinos would not lead to a resonance phenomenon. This is a
consequence of the fact that the sign of an interaction does not matter, as long as the interaction
appears as a single one, while this sign matters when two types of interaction matter, as is the
case with neutrinos in matter. Wolfenstein in his first publication [147] had indeed chosen the
wrong sign for the weak interaction, which later on was corrected by Langacker [103].
It should also be noted that (neglecting neutral-current weak interaction which is the same
for all neutrino flavours) the eigenvalue m1 of νµ is not influenced, while the eigenvalue m2
of νe grows in proportion to Ne . This situation is reflected by the dashed lines in figure 1. In
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Figure 1. The MSW effect in the two-neutrino approximation, assuming m2 > m1 . The neutralcurrent (nc) interaction common to all neutrinos has been suppressed. The νe are produced in the
solar centre. In the non-interaction scheme their interaction is proportional to the solar electron
density, which leads to the descent shown in the plot. Any νµ present stay constant, because they
are not influenced by the electrons in the Sun. In the case of an interaction, the curve is followed,
with the νe being created in the solar centre and the νµ leaving the solar surface. Because the
process depends on energy, only a certain fraction of the νµ are leaving the Sun. If the upper curve
is followed, we speak of adiabatic transitions. Non-adiabatic transitions lead to transitions between
the curves (straight line).

the presence of neutral currents, the curves shown in figure 1 will hold. In the presence of
adiabaticity, the neutrinos will follow only one curve, while the absence of adiabaticity will
induce transitions between the curves.
Neutrinos involved in the MSW effect are generated in the solar centre as electron
neutrinos. Above a certain energy, these neutrinos convert into muon neutrinos, which leave
the Sun and are not registered by any terrestrial detector, which is only sensitive to electron
neutrinos—as are e.g. the radiochemical experiments. Because only neutrinos above a certain
energy are influenced by the MSW effect, only a certain fraction of all neutrinos will participate
in the MSW effect. Similar remarks also hold for the question of adiabaticity.
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3. Solar neutrino production
Starting in 1920 when Eddington proposed a nuclear origin for the tremendous energy radiated
by stars [51], increasingly detailed models and numerical computations describing the stellar
structure, dynamics, and evolution have been constructed and confronted with measurements.
The Sun, a main-sequence star in the middle of its hydrogen-burning stage, has played a
prominent role in the gaining of insight into the physics of stars, as it is close enough to allow
us to experimentally probe many predictions of the model computations. This relates not only
to observation of the surface, but also to that of the solar interior by means of neutrinos and
seismic waves.
In the following we will first describe the basic ideas underlying the reference solar model5 .
We will then focus on the thermonuclear processes taking place in the solar core, and discuss
the neutrino fluxes and spectra emerging from them. Finally, the accuracy of these predictions
will be investigated. In this context, it is instructive to confront the reference solar models with
helioseismological measurements. Within the last few years these observations have allowed
possible physical scenarios to be constrained and have served to put the reference solar model
on a stable basis, whereas most non-standard solar models proposed ad hoc to escape the
observed solar neutrino flux deficit have been disproved.
3.1. Basic ideas of the solar model
Modelling the solar interior requires us not only to describe the present solar structure, but
also to explain the evolution of the Sun from the initial ignition of hydrogen nuclear fusion to
the present day. The reference solar models (see e.g. [19, 30]) are based on a set of plausible
assumptions:
• Solar energy generation is due to thermonuclear fusion of hydrogen to helium. The energy
release is 26.73 MeV per 4 He nucleus produced.
• The sun is in hydrostatic equilibrium. This means that the hydrostatic pressure resulting
from thermonuclear fusion must exactly counterbalance gravity. One further assumes
thermal equilibrium, i.e. that the energy produced by nuclear reactions balances the total
energy loss, which is the sum of the radiative energy flux L and the energy carried away
by neutrinos.
• Energy transport from the solar centre where nuclear fusion takes place (r  0.2 R )
outwards to the surface occurs, apart from the neutrinos, by electromagnetic radiation
and convection. The latter is particularly important for the outer region r > 0.7 R , the
so-called convection zone, whereas in the central part of the Sun, radiative transport is the
most efficient process (radiative zone)6 . In the dense matter of the solar plasma, photons
interact with electrons, atoms, ions, and molecules. These interactions are summarized in
the so-called ‘Rosseland mean opacities’ κ(T , ρ, composition), which govern the radiative
energy transport and thus the temperature profile inside the Sun.
• Initially, the composition elements of the Sun were distributed homogeneously. Since
then, changes of element abundances have occurred only as a result of nuclear fusion
reactions.
5

Following [137], by the term reference model we mean a state-of-the-art solar model which incorporates all physical
processes considered relevant for the Sun, using the best available input parameters. In contrast to popular practice, we
avoid speaking of a ‘standard solar model’, in order to stress that the quantitative results of such a model computation
are time dependent in the sense that refined input numbers and improved descriptions of the physical processes are
continuously being included.
6 Conductivity, which is important for high-density stars, plays no role for the Sun.
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An equation of state for the solar interior (see e.g. [123]) describes the relation between
pressure p(r), density ρ(r), temperature T (r), energy generation per mass unit ε(r), luminosity
L(r), and opacity κ(r), where r is the radial distance from the solar centre. Obviously, the
equation of state will depend on the mass fractions of hydrogen, X, helium, Y , and ‘heavy’
(i.e. heavier than helium) elements, Z (so-called ‘metals’). Element diffusion is generally
taken into account in more recent models.
A number of measured quantities enter into and constrain the solar models. Among them
are radiative opacities which have to be calculated for the conditions inside the Sun and are
available in tabulated form [101], nuclear fusion cross-sections (see section 2.1), the solar
radius R and surface temperature T , the surface luminosity L , and the solar mass and age.
Utilizing the basic assumptions and measured input data and incorporating the physical
processes considered relevant for the solar interior (e.g. diffusion and screening enhancement of
nuclear reactions), a self-consistent numerical computation of the solar structure and evolution
is performed. It yields, among other things, predictions for the solar core temperature Tc ,
the rates at which the various nuclear fusion reactions contribute to the 4 He generation
(cf. section 2.2), whence the neutrino fluxes for the individual branches, the depth of the
radiative zone, and the temperature and density profile inside the Sun.
In table 1 we list some relevant physical data for the Sun, and, in addition, predictions of
two reference solar models.
Within recent years, accurate measurements of solar seismic modes (pressure (p-) modes)
(see e.g. [75, 76, 85])
√have allowed independent inference of the speed of sound cs (r) (and
therefrom via cs ∝ (T /ρM ) (with ρM being the mean molecular weight) the solar density
profile) inwards to about 0.05 R [19,37] and, in addition, the boundary radius of the convective
zone, RCZ . This quantity can be determined from helioseismological measurements, since
for r < RCZ the temperature gradient is determined by the requirement of radiative energy
transport, whereas in the convective zone the gradient is nearly adiabatic due to the highly
effective convective transport. From this sharp boundary a pronounced transition in dT /dr
and, accordingly, in dcs2 /dr occurs, which allows precise location of RCZ . Confronting the
results from helioseismology with the respective solar model predictions for cs2 (r) showed an
intriguing agreement, better than 0.01 for the relative uncertainty (Sun model)/Sun [17,19,127].
This result supports the reference solar model as a reliable description of the Sun and strongly
disfavours most non-standard solar models (cf. e.g. [140]).
3.2. Thermonuclear processes: pp and CNO cycles
The Sun liberates its energy in nuclear fusion reactions taking place in the solar core at radii
r  0.25 R , where hydrogen is burnt to 4 He. This takes place in a network of (essentially)
two-particle nuclear reactions, the pp cycle shown in figure 2 being most important for the
temperature domain characterizing the solar core.
Several of the reactions result in the emission of electron neutrinos νe of characteristic
energy and spectral shape, as can be seen from figure 2(b). For the calculation of neutrino flux
predictions, knowledge of the branching ratios for the alternative subchains is essential. The
reaction rate per unit volume, ṅab , for a two-particle nuclear reaction is given by
ṅab = na nb

vσ (v)f (v) dv = na nb σ v

with na and nb being the particle number densities, v the particle velocity, σ (v) the reaction
cross-section, and f (v) the Maxwellian velocity distribution, where we have implicitly
assumed local thermodynamic equilibrium.
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(a)

(b)
Figure 2. The pp cycle is the dominant energy generation mechanism in the Sun. It is subdivided
into four chains, the pp-I chain being by far the most frequent cycle termination (86% pp-I,
14% pp-II, <0.1% pp-III, 10−3 % pp-IV). The pp-IV reaction 3 He + p → 4 He + ν + e+ , giving
rise to the continuous spectrum of so-called hep neutrinos, is omitted in the figure. Panel (b) shows
the neutrino spectrum resulting from the solar fusion reactions. Solid lines correspond to neutrinos
from the pp cycle, dotted lines to those from the CNO cycle, which, however, plays only a minor
role for the Sun. Fluxes are given in units of MeV−1 cm−2 s−1 for continuous spectra and cm−2 s−1
for lines.
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Table 1. Physical data and characteristics of the Sun. The upper group lists measured values acting
as constraints for the reference solar models, whereas the lower group shows predictions from two
prominent reference models, from [19] (BBP98) and [30] (BTM98). The individual neutrino fluxes
will be dealt with in detail in section 3.2.

Mass

(1.989 ± 0.001) × 1030 kg

Radius

(6.960 ± 0.001) × 108 m

Age

(4.52 ± 0.04) × 109 a [30]

Surface luminosity L

(3.845 ± 0.008) × 1026 W

Surface temperature

5.78 × 103 K

Present He mass fraction (surface) Y

0.249 ± 0.003 [26]

Metal mass fraction Z/X

0.0245 [131]

Boundary of convective zone RCZ

(0.713 ± 0.001) R [25]
BBP98 [19]

Core temperature Tc

BTM98 [30]
15.67 × 106 K

Contribution of pp cycle to E-generation

98.3%

98.74%

Contribution of CNO cycle to E-generation

1.7%

1.26%

pp flux

5.94 × 103 × (1.00 ± 0.01)

5.99 × 103

pep flux

13.9 × (1.00 ± 0.01)

14.1

Be flux

480 × (1.00 ± 0.09)

470

B flux

+0.19
5.15 × 10−1 × (1.00−0.14
)

4.82 × 10−1

hep flux

2.1 × 10−4

N flux

+0.19
60.5 × (1.00−0.13
)

46.7

O flux

+0.22
53.2 × (1.00−0.15
)
+0.12
−1
)
6.33 × 10 × (1.00−0.11

46.7

Individual solar neutrino fluxes at
r = 1 AU (in 107 cm−2 s−1 )):

F flux

At the solar core temperature the average thermal particle energy is several keV only,
substantially smaller than the repulsive Coulomb barriers which are in the MeV range. The
number of particles in the high-energy tail of the Maxwellian distribution being much too
small for ‘classical’ reactions to occur at a non-negligible rate, the relevant process is barrier
penetration via the tunnelling effect [69]. As the probability for quantum mechanical s-wave
tunnelling in the WKB approximation exhibits an exponential energy dependence, the reaction
rate at low energy can be written as
√


∞
8 1/2
2π Za Zb e2 m
E
−3/2
ṅab = na nb
−
(kT )
S(E) exp −
dE
(7)
√
mπ
kT
h 2E
0
where Z are the nuclear charges, m the reduced mass, and S(E) denotes the so-called astrophysical S-factor:
√
√
S(E) := σ (E)E exp(2πZa Zb e2 m/(h̄ 2E))
which, in contrast to σ (E), exhibits (except for resonances) only a smooth variation with
energy.
The convolution of the exponentially decreasing Maxwell–Boltzmann distribution and
the quantum mechanical penetration factor increasing with energy results in an overlap region
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where the reaction probability is non-negligible. This energy region, being typically in the
range of ≈10– 50 keV for the reactions of the solar pp chain, is called the ‘Gamow peak’. For
characterizing reaction rates and experimental cross-section measurements, the astrophysical
S-factor and its derivatives S  = dS/dE, S  = d2 S/dE 2 are usually quoted at zero energy,
rather than for the energy of the Gamow peak, E0 . To associate S(0) with the above formula,
an approximative expansion is applied [5, 15, 137].
In laboratory measurements all pp-cycle reactions except (due to the tiny cross-sections)
(i) the initiating one, p(p, νe+ )2 H, and (ii) the hep reaction, 3 He(p, νe+ )4 He, can be investigated.
However, the steep decrease of the reaction rates at low energy makes measurements in the
regions of the Gamow peaks extremely difficult. Therefore, except for a recent determination
of S33 , characterizing the reaction 3 He(3 He, 2p)4 He, which was performed with a dedicated
accelerator under low-background conditions in the Gran Sasso Underground Laboratory
[29, 93, 94, 109], extrapolations of measurements done at higher energies of order 100 keV to
several MeV have to be utilized. In passing, we note that special care has to be exercised for
certain reactions, e.g. 7 Be(p, γ )8 B, where the presence of a resonance aggravates the difficulty
of reliably extrapolating S(0).
Another difficulty which becomes increasingly important for low energies arises from
atomic screening in laboratory experiments. The experimentally measured cross-section, σexp ,
is not the bare-nucleus cross-section, σ0 , but is increased by a factor
fe (E) = σexp (E)/σ0 (E)
due to the screening of the nuclear charges by non-stripped electrons of the colliding ions [13].
To determine the relevant cross-section for the Sun from the bare-nucleus cross section, the
enhancement caused by Debye–Hückel screening in the solar plasma must be taken into
account [80, 81, 92].
Table 2 shows the current best estimates for the astrophysical S-factors.
Table 2. The solar fusion reactions. Astrophysical S-factors for the solar pp chains and CNO cycle
(adapted from [5]), percentage of the chain terminations (i.e. per 4 He nucleus produced via the
respective cycle) in which the respective reaction is involved, neutrino energy, and contribution Q
to the solar energy generation of 26.7 MeV per 4 He nucleus produced [15].
Reaction

S(0) (keV b)

Termination (%)

p(p, e+ ν)2 H

+0.02
4.00(1 ± 0.01−0.01
) × 10−22

100

p(pe− , ν)2 H
3 He(3 He, 2p)4 He
3 He(4 He, γ )7 Be
3 He(p, e

+ ν)4 He

(5.4 ± 0.04) × 10−3 †
0.53 ± 0.05

 18.8

19.795

0.862(90%)

0.862

0.384(10%)

0.384
17.347

0.02
0.02

, α)4 He

1.442

1.586
× 10−5

15
+0.004
0.019−0.002

1.442

12.86

15

, e+ ν)8 Be

8 Be (

85

2

Q (MeV)

5.494

15

2.3 × 10−20

7 Li(p, α)4 He

8 B(

1.442

100

7 Be(e− , ν)7 Li

7 Be(p, γ )8 B

 0.422

0.4

2 H(p, γ )3 He

Eν (MeV)

0.137
 15

17.980

0.02

14 N(p, γ )15 O

+0.4
3.5−1.6

7.297

16 O(p, γ )17 F

9.4 ± 1.7

7.297

† The measured value S(E0 ) at the Gamow peak energy E0 = 21.4 keV [94].
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According to equation (7), apart from the astrophysical S-factors, the reaction rates and
thus also the individual neutrino branches depend on the local element densities nx . Particularly
important in this context are the local densities of 1 H, 3 He, and 4 He. In the reference solar
models, local equilibrium, corrected for element diffusion and gravitational settling of He
towards the solar core, is assumed. This assumption has been validated in helioseismological
measurements, whereas non-standard solar models7 which ad hoc introduce strong mixing in
the solar core to achieve non-equilibrium local element distributions [44] (mainly a local 3 He
excess in the inner core in order to suppress the pp-II/pp-III chains; cf. figure 2) have been
disproved. The same applies to models which assume rapid core rotation or strong trapped
magnetic fields to counterbalance gravity, resulting in lower core temperatures and thus lower
neutrino fluxes.
The neutrinos emitted in several steps of the pp cycle are referred to as pp, pep, 7 Be, 8 B,
and hep neutrinos, according to the respective production reaction. Altogether 90% of the
entire neutrino flux is believed to be pp neutrinos originating from the initiating reaction. They
exhibit a continuous spectrum with an end-point of only 422 keV, which makes them the most
difficult species to detect.
The second-largest contribution is 7 Be neutrinos from electron capture on 7 Be, the dominating process at the vertex of the pp-II and pp-III chain; cf. figure 2. As both the ground state
and an excited nuclear level of the daughter nucleus 7 Li can be populated, the 7 Be-neutrino
spectrum exhibits two discrete lines, at 862 keV (90%, ground state) and 384 keV (10%,
excited level), respectively.
A line spectrum also characterizes pep neutrinos from the reaction p(e− p, ν)2 H (not shown
in figure 2(a)). The flux prediction for pep neutrinos is very accurate, as the process is closely
linked to the pp reaction.
The opposite is the case for the high-energy 8 B neutrinos. Their prediction suffers from
a large uncertainty in the astrophysical S17 (0)-factor [5]. There is an ongoing debate on the
correct interpretation of experimental results from laboratory measurements of S17 and their
low-energy extrapolation.
Not at all well determined, in addition, is the highest-energy neutrino branch: hep neutrinos
from the pp-IV chain. The reason is the lack of low-energy measurements of the respective Sfactor. Instead one has to infer S31 (0) from measurements of thermal neutron capture on 3 He,
a procedure which suffers from substantial uncertainties associated with the nuclear matrix
elements involved. A recent assessment of the experimental and theoretical situation has
revealed that even a factor-of-ten uncertainty for the flux prediction cannot be firmly rejected
on the basis of the existing knowledge.
In contrast to the pp chains, the CNO cycle depicted in figure 3 is considered not to play a
particularly prominent role for solar energy generation. It contributes only about 1.5% to the
solar luminosity and 2% to the integral neutrino flux, according to solar model predictions8 .
From the reaction network, CNO-I dominates by far, and here it is the reaction 14 N(p, γ )15 O
which constitutes the bottleneck at solar temperatures. It is assumed that the CNO cycle has
not yet reached equilibrium and 14 N is still being accumulated [35]. This leads to a higher flux
of 13 N neutrinos, compared to the 15 O neutrino flux; cf. table 1.
As depicted in figure 2(b), CNO neutrinos exhibit continuous spectra, with typical energies
7 Almost all non-standard models were proposed in order to provide an ‘explanation’ of the observed solar neutrino
flux deficits. In order to reconcile solar neutrino fluxes being substantially lower than predicted by the reference
models, they have to rely upon ad hoc assumptions for input parameters and/or physical processes which are not
generally considered to correctly describe the Sun.
8 However, it is interesting to note that the CNO cycle would constitute the dominant process if the solar core
temperature were only slightly higher, Tc  3 × 106 K [124, 137].
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Figure 3. The CNO cycle, which contributes about 1.5% to the energy release of the Sun, gives
rise to the continuous spectra of 13 N and 15 O neutrinos.

in the 7 Be range. In addition, the integral CNO neutrino flux is not substantially lower than
that of 7 Be neutrinos:

d<(CNO)
<i (7 Be).
dE  0.2
dE
i=384,861 keV
Compared to the effort invested in precise S-factor determinations of pp-cycle reactions, crosssections for the CNO reactions are much less accurately known [5]. However, the LUNA
collaboration has upgraded the accelerator utilized at Gran Sasso Underground Laboratory
to determine the 3 He–3 He cross-section [93] for investigating CNO reactions at stellar
energies [95].
3.3. Uncertainties and accuracy of neutrino flux predictions
For the interpretation of solar neutrino experiments, precise and trustworthy flux predictions
constitute an important prerequisite. This applies not only to the integral flux, but, in particular,
also to the individual neutrino branches. In the following we will discuss the influence of
uncertainties associated with the input parameters and idealized physical concepts of the solar
models on the neutrino flux predictions.
3.3.1. Opacities. The radiative opacity coefficients, determining how efficiently photons can
transport energy from the solar centre outwards to the surface, are important for computations
of the radial temperature profile and thus the relative contributions of the four subchains of
the pp cycle. It was found empirically [15, 34] that the flux of 7 Be neutrinos, <(7 Be), scales
approximately as Tc8 . Not surprisingly, boron neutrinos are even more sensitive, <(8 B) ∝ Tc18 ,
whereas pp neutrinos, due to the luminosity constraint, remain essentially unaffected by
variations of the core temperature Tc .
On the basis of improved determinations of the photospheric abundances of several
elements [78], the OPAL opacity tables were updated in 1996 [101]. As for the intermediate
region of the Sun, high-precision helioseismological observations have meanwhile allowed the
probing of the influence on the speed of sound caused by changes of the opacity coefficients
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exceeding a few per cent; the excellent agreement between the predicted and measured cs profiles supports the updated opacities. Neutrino flux predictions, except to some extent the
highly temperature-dependent 8 B and hep fluxes, can be considered robust with respect to
opacity uncertainties.
3.3.2. Nuclear cross-sections and atomic screening. As already mentioned above,
uncertainties associated with nuclear cross-sections arise mainly from two sources:
• Laboratory measurements are—except for the 3 He–3 He reaction—performed in an energy
range which is typically one order of magnitude higher than the Gamow region for
the respective reaction in the solar core. Extrapolations of the data to solar energies
introduce an uncertainty. The uncertainty is particularly serious for the 7 Be–p reaction,
i.e. S17 (0), giving rise to the 8 B neutrinos. Low-energy data for S17 are entirely lacking,
direct laboratory measurements suffer from a resonance at 0.6 MeV, and results from
an indirect method exploiting Coulomb dissociation of 8 B in the strong Coulomb field
of a Pb nucleus [112] which does not suffer from the resonance are only in marginal
agreement with the direct measurements. In addition, the assessment of systematics in
the S17 -measurements has recently been criticized, which, if the criticism is justified,
could indicate a need to increase the uncertainty of S17 with respect to the published
0.81 −0.4
values [11, 95]. According to the empirical scaling law <(8 B) ∝ S17 S34
S33 [15], this
8
would reduce the accuracy of the flux prediction for B neutrinos.
• Screening corrections become increasingly important at low energy. As mentioned
above, the cross-section determined in laboratory experiments is enhanced by a factor
fe (E) > 1 with respect to the bare-nucleus cross-section, due to the presence of bound
atomic electrons. After several years’ controversy, the problem of reliably calculating
these enhancement factors fe (E) seems to be now largely dealt with, at least for atomic
targets [5, 94, 104]. A reliable assessment of atomic screening is particularly important
for the determinations of S33 , as the LUNA measurements extend down to 16.5 keV [29],
corresponding to the lower edge of the Gamow peak.
3.3.3. Plasma screening. Electron screening in the solar plasma enhances the fusion rates
by diminishing the effective repulsive Coulomb barrier with respect to bare nuclei [125].
The reference solar models employ a modified Debye–Hückel description to account for
this [80,81,92]. There has been an extensive debate on the correct description for solar plasma
screening, i.e. whether classical weak screening, intermediate screening [77], or dynamical
screening is more appropriate (cf. [5, 35, 137] and references therein). More recent theoretical
investigations seem to largely tend towards weak screening [5]. In summary, however, we do
not consider the treatment of plasma screening to introduce a non-negligible uncertainty for
neutrino flux predictions, except perhaps for the high-energy 8 B-neutrino branch.
3.3.4. Other sources of uncertainty. Other input to the calculations comprises the more
or less idealized descriptions of physical processes considered relevant for the Sun—or their
omission. For these issues also, new determinations of photosphere element abundances and
the precision measurements of helioseismology have served to clarify the scenario.
Helium and heavy-element diffusion, i.e. gravitational settling towards the solar centre,
has been proven to be non-negligible and is now generally taken into account in the reference
solar models. The inclusion of diffusion has an effect on neutrino flux predictions, mainly for
the high-energy 8 B neutrinos.
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The sensitivity of solar p-mode frequencies on the equation of state leads to the conclusion
that the appropriate prescription for the solar plasma is reasonably well understood and that
associated uncertainties are under control.
Numerics could be important as regards interpolations of the tabulated radiative opacities
and the numerical treatment of convection in the outer regions of the Sun, as both influence the
solar temperature profile. However, Schlattl et al [127, 128] have constructed a solar model
with an improved numerical treatment and found their results to agree with the reference
models. We therefore do not consider this issue to introduce any non-negligible systematics
for the flux predictions.
In conclusion, there remain two main sources for uncertainties in neutrino flux predictions.
Firstly, though helioseismology has led to major improvements, it is still desirable to have more
accurate radiative opacities. Secondly, several of the nuclear reaction cross-sections need to
be measured at energies as low as possible in order to arrive at more reliable values for the
astrophysical S-factors. In particular, the knowledge of the cross-section factors for S17 , S34 ,
and S31 needs to be improved. In parallel to low-energy measurements along the LUNA lines,
a better theoretical understanding of screening effects in both the laboratory reactions and the
solar plasma is desirable.
4. Solar neutrino detection
In this section we describe general principles for the detection of solar neutrinos. The
absorption or scattering processes of neutrinos with matter via weak interaction in the relevant
energy range are discussed and numerical values for the cross-sections are given. We emphasize
the importance of charged-current (cc) as well as neutral-current (nc) interaction for the
measurement of the flavour content of solar neutrinos. In addition, we discuss the basic
technical items which are indispensable to the feasibility of solar neutrino experiments,
emphasizing the important issue of background suppression. In section 4.4, operating
experiments and their results will be presented, whereas the potential for upcoming projects
to pinpoint neutrino masses and mixing angles will be discussed in section 6.
4.1. Charged-current and neutral-current detection
Weak interaction is mediated by exchange of either charged W± or neutral Z0 bosons. These
cases are referred to as charged-current (cc) and neutral-current (nc) interaction, respectively.
Charged-current reactions of neutrinos νl (l = e, µ, τ ) with nuclei can be described as ‘inverse
beta decays’ of the form
−
A
νl + A
Z X → l + Z+1 Y

where the nuclei X and Y have equal atomic number A, but differ in their electric charge Z by
one unit. The energy threshold Q is given by Q = mY + ml − mX for ground-state transitions,
where mi (i = l, X, Y) are the masses of the particles involved in the inverse beta decay and a
possible neutrino mass is neglected. In transitions to excited states, the additional energy has to
be taken into account. For electron neutrinos νe , allowed reactions with Q-values in the MeV
range and even below exist. Since the maximum energy of solar neutrinos Eνmax ≈ 15 MeV,
detection of solar νe with nuclear targets using charged-current interaction is possible. One
example is 71 Ga + νe → 71 Ge + e− which is used in the radiochemical gallium experiments
GALLEX/GNO [67, 71] and SAGE [3] with a threshold of 233 keV; cf. section 4.4.
If the flavour of solar neutrinos is changed during their journey from the interior of the
Sun to the Earth, for example due to oscillations as described in section 2, the detection of
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those new flavours by the reaction above is forbidden kinematically. The reason for this is the
large masses of the corresponding charged leptons, mµ = 106.95 MeV and mτ = 1777 MeV,
which exceed Eνmax by far.
However, neutral-current interaction is possible for all neutrino flavours. Hence, comparison of observed rates in neutral-current as well as charged-current reactions allows one in
principle to measure the flavour content of solar neutrinos arriving at the Earth and to determine
whether neutrino oscillations do occur or not in the respective energy range. This is the aim
of experiments which started data taking recently or are projected for the near future.
Neutral-current interaction contributes to elastic neutrino–electron scattering:
ν + e− → ν + e−
which is used in the SUPERKAMIOKANDE [133] and SNO [50] experiments for the detection
of highly energetic 8 B neutrinos. The same reaction will be used in the future BOREXINO
project [31] to examine the monoenergetic 7 Be neutrino flux at Eν = 861 keV.
The scattering of νe is due to both cc and nc interaction, whereas the νµ,τ scatter only
via the nc reaction. Hence, if the flavour of solar 7 Be neutrinos was converted almost totally
from νe to νµ or ντ when arriving at the Earth, the counting rate in BOREXINO would be
reduced by a factor of ≈4, but still remain observable. In contrast, as νµ and ντ produced
by oscillations from solar νe cannot interact via the cc reaction, for strongly converted 7 Be
neutrinos the capture rate on nuclei would be suppressed dramatically. Inverse beta decays
with such low Q-values, apart from those of 71 Ga and 37 Cl, are known [118] and it is the
aim of LENS [107] (cf. section 6.5) to perform a cc measurement which is—in contrast to the
radiochemical gallium experiments—energy dispersive.
Another example of nc reactions used in solar neutrino experiments is the dissociation of
deuterium, ν + 2 H → ν + p + n, which occurs at a threshold of 2.2 MeV. This reaction is used
in the SNO experiment [50] to investigate possible flavour conversion of solar 8 B neutrinos by
comparing the measured counting rate with that of the cc reaction νe + 2 H → e− + p + p.
Both examples show an experimental attempt by comparing cc and nc reactions to measure
the flavour content of solar neutrinos arriving at the Earth. If these experiments show a
significant deviation from a pure νe -flux of solar neutrinos, the hypothesis of neutrino oscillation
will be unequivocally proven. In addition, it will also be possible to examine fundamental
neutrino properties connected with oscillations, namely the mass difference and the mixing
amplitude involved. How these questions will be investigated experimentally is described in
sections 5 and 6.
4.2. General detector requirements
As neutrino detection is always based on weak interaction, the detection cross-section in the
energy range relevant for solar neutrinos is tiny. For instance, the numerical value for elastic
neutrino–electron scattering is σ (νe , e− )  9.5 × 10−45 (Eν /MeV) cm2 , which is ≈20 orders
of magnitude lower than typical cross-sections of electromagnetic scattering processes. These
low values make solar neutrino detection very difficult and require large target masses to be
utilized in order to obtain reasonable event rates. Experiments use detector masses from the
≈100 t mass range up to the kiloton scale.
Since cosmic radiation, in particular high-energy muons, can produce background events
which are indistinguishable from neutrino signals, all solar neutrino experiments are located
deep underground. The main background sources due to cosmic muons originate from
spallation processes. High-energy muons may produce electromagnetic and hadronic showers,
generating radioactive nuclei which may mimic neutrino signals in the detector. The typical
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reduction factors of muon fluxes achieved in underground laboratories are in the range of ≈106
for a rock overburden of ≈3000 m.w.e. (metres of water equivalent).
In addition, particle and gamma radiation is present due to ubiquitous natural radioactivity contaminants such as 238 U, 232 Th, and 40 K. Due to their high mobility, the noble gases
222
Rn (produced in the decay series of 238 U) and the anthropogenous fission product 85 Kr
(from atomic bomb tests) are jeopardizing particularly low-energy experiments. Hence, solar
neutrino experiments usually have to be shielded against this radiation, and detector materials
need to be selected carefully in terms of radiopurity.
4.3. Solar neutrino experiments: an overview
Solar neutrino detection is realized in two ways: either radiochemically or in energy-dispersive
measurements. The former method is based on the chemical extraction of the small number of
nuclei produced in inverse beta reactions during an exposure period of typically some weeks
from a large amount of target (typically in the 100 ton range). After extraction, the back-decay
of those nuclei is observed. This concept was realized for the first time in the Homestake 37 Cl
experiment [49], which measures solar neutrinos via the reaction νe + 37 Cl → e− + 37 Ar at
an energy threshold of 814 keV, giving access to the solar 8 B branch and, to some extent, to
7
Be neutrinos. About twenty years later, the radiochemical GALLEX and SAGE experiments
began to measure the integral flux of all solar neutrino branches using 71 Ga as target isotope.
Here, the energy threshold is 233 keV, and for the first time pp neutrinos produced in the
initiating solar fusion reaction p + p → νe + 2 H could be detected. Since 1998, GALLEX has
continued as the Gallium Neutrino Observatory GNO.
Radiochemical experiments exhibit the potential to detect even the lowest-energy neutrino
branch, pp neutrinos. The information on neutrino energy, however, is lost. Instead, a radiochemical experiment constitutes something like a ‘fixed-threshold counting device’. Therefore,
identification of the contribution of the individual neutrino branches to the detected signal
cannot be accomplished in one single experiment alone, but requires information from several
radiochemical detectors with different thresholds.
Direct information on Eν is provided from energy-dispersive experiments. However, the
energy threshold of the running and near-future projects is too high for assessing pp neutrinos.
For the first time, the energy-dispersive technique was realized in the water Cherenkov
detector KAMIOKANDE [91] and later in its upgrade SUPERKAMIOKANDE. The detection
technique is elastic neutrino–electron scattering at an energy threshold of ≈5 MeV (for SUPERKAMIOKANDE), allowing only the high-energy part of the 8 B spectrum to be investigated.
The reason for this high threshold is the formidable background from natural radioactivity
arising in the ≈MeV region.
The other operative energy-dispersive experiment, SNO, uses heavy water as target
material. Its energy threshold is comparable to that of SUPERKAMIOKANDE.
A new detection concept, using large-volume, high-purity liquid scintillators for measurement of neutrino–electron scattering, allows investigation of neutrinos in the region around
1 MeV. This is possible due to the much higher light yield of scintillators, compared to that in
the Cherenkov technique. The most advanced projects are BOREXINO and KAMLAND.
Table 3 lists running solar neutrino experiments as well as some projects which will start
data taking in the future. Up to now, six different experiments have delivered data on solar
neutrinos. Interestingly, in all cases, the measured flux is significantly lower than expected from
solar model computations, establishing the so-called solar neutrino puzzle. In the following
we will cover these experiments in detail and discuss the impact of their results on different
solutions to the solar neutrino puzzle.
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Table 3. A list of solar neutrino experiments according to their reaction mechanism, energy
threshold Ethr in MeV, status (data available), measured counting rate in events per day, expected
counting rates from the reference solar model (events/day), potential for energy-dispersive (ed),
charged-current (cc), and neutral-current (nc) measurements. SUPERKAMIOKANDE (SK),
SAGE, GNO, SNO, and the Cl experiment are taking data. BOREXINO, KAMLAND and the
iodine experiment are under construction, LENS is a project still in an early development phase.
Ethr

Data

37 Cl

νe

(37 Cl, 37 Ar)e

0.814

×

0.5

1.5

×

GALLEX/GNO

νe (71 Ga, 71 Ge)e

0.233

×

0.8

1.5

×

SAGE

νe (71 Ga, 71 Ge)e

0.233

×

0.8

1.5

×

SK

νe → νe

≈5

×

13.5

28.5

×

×

SNO

νe 2 H → epp

≈5

×

?

24.1

×

×

×

?

Experiment

Reaction

νD → νpn

Rate

Solar model

2.2

νe → νe

≈5

ed

7.1

×

3.3

×

cc

nc

×
×

×

×

BOREXINO

νe → νe

≈ 0.4

59.0

×

×

×

KAMLAND

νe → νe

≈ 0.5

112.6

×

×

×

127 I

νe (127 I, 127 Xe)e

LENS

A
νe (A
Z X, Z+1 Y)e

0.789

×

?

 0.3

≈ 0.5

×

×

4.4. Operating experiments and their results
4.4.1. Chlorine. For more than 20 years, the radiochemical 37 Cl detector operated since
1968 by Davis et al [48, 49] in the Homestake gold mine in Lead, South Dakota, USA, at a
depth of 4200 m.w.e.9 was the only active solar neutrino experiment. The experiment employs
615 tons of C2 Cl4 (37 Cl natural abundance: 24.2%) as target material for the inverse beta-decay
reaction 37 Cl + νe → 37 Ar + e− , which has an energy threshold of 814 keV. The experiment
is mainly sensitive to 8 B neutrinos from the pp-III chain, and, to a smaller extent, to 7 Be and
CNO neutrinos (cf. table 4).
Table 4. The spectral response of the chlorine experiment, according to the reference solar
model [19]. The unit SNU (solar neutrino unit) is defined as 1 SNU = 1 neutrino capture
reaction/1036 target atoms s−1 .

σ <ν  (SNU)

pp

pep

7 Be

8B

13 N

15 O

Integral

0

0.2

1.15

5.9

0.1

0.4

+1.2
7.7−1.0

Only a fraction of ±0.2 SNU of the total error for the SNU prediction is associated
with the neutrino capture cross-section which is dominated by a transition to an isobaric
analogue state at 5 MeV and can be quite accurately determined from the beta decay of
37
Ca. The dominant contribution to the error, in contrast, comes from the flux prediction of
8
B neutrinos.
The few atoms of 37 Ar produced by neutrino interaction in the target of the Homestake
experiment are extracted every few months by purging the target with helium, and added to
the counting gas of a miniaturized, low-background proportional counter, where the electron
capture (EC) decay of 37 Ar (half-life 35 d) is detected during a several-month counting period.
9 To allow a straightforward comparison of the shielding properties for different underground sites, the attenuation
of cosmic rays is given in terms of metres of water equivalent (m.w.e.).
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The offline analysis employs a maximum-likelihood technique [38] for analysing the time
series of the candidate events.
Between 1970 and 1994 the Homestake experiment accumulated a statistics of 108 solar
runs. The integral result, (2.56±0.16(stat.)±0.15(syst.)) SNU [39,105], is significantly lower
than the solar model predictions, representing a factor-of-three (or >5 σ , when combining in
quadrature the experimental and flux prediction errors) neutrino deficit. As the experimental
result is already far more accurate than the solar model prediction, to gain further statistical
significance, improvement of, in particular, the determination of the astrophysical S17 -factor
is an unavoidable requirement (cf. section 3).
However, a qualitatively different situation is encountered when exploiting the real-time
potential of the experiment (with the time resolution given by the duration of target exposure)
for probing potential time variations of the solar neutrino flux (cf. section 4). Here the limitation
arises from the large statistical errors associated with the results of individual runs. Therefore,
though time variations of the observed neutrino flux—more precisely an anticorrelation with
the Sun spot number which would be indicative for a neutrino magnetic moment—have been
claimed to accommodate the data, the statistics is not sufficient for rejecting the standard
hypothesis of time constancy; in contrast, the question continues to remain an arena for debate.
4.4.2. KAMIOKANDE. The solar 8 B-neutrino flux was measured in the KAMIOKANDE
water Cherenkov detector, installed in the Kamioka mine in Japan. Data were accumulated
from January 1987 until February 1995, covering almost an entire solar cycle.
The detector, a cylindrical tank 15.6 m in diameter and 16.1 m in height, contained about
3000 tons of pure water in total. Its inner 680 tons were used as a fiducial volume for the
solar neutrino analysis. Neutrino detection employed elastic neutrino–electron scattering,
the Cherenkov light of back-scattered electrons being viewed by 948 photomultiplier tubes
(providing a 20% coverage in total).
Major cuts in data reduction comprise rejection of muons with the help of an outer veto
counter, rejection of events due to external γ -radiation and neutrons by choosing a fiducial
volume, and rejection of muon-induced spallation signals and decay electrons from stopped
muons by delayed anticoincidence methods. The energy threshold achieved was ≈7 MeV.
Hence, KAMIOKANDE was sensitive to the high-energy part of the solar 8 B-neutrino spectrum
only. As at these energies the angular distribution of the scattered electrons is significantly
peaked in the forward direction, directional information could be used to further separate
neutrino events from background signals. With these cuts a data reduction by a factor of
≈1/1.5 × 105 was obtained and a clear neutrino signal from the Sun’s direction is visible.
The KAMIOKANDE collaboration has published results for a total observation time of
2079 days [96]. The measured 8 B neutrino flux is φν = (2.82 ± 0.19(stat.) ± 0.33(syst.)) ×
106 cm−2 s−1 which is only about 49%–64% of the predictions from different reference solar
models [16,138]. This deficit is significantly larger than the total uncertainties from both theory
and experiment. The number for φν was calculated under the assumption of a pure νe -flux,
taking into account the charged-current as well as neutral-current contributions to the total
cross-section. Analysis for time variations including the separation of day and night records
was performed in order to test certain neutrino-mixing parameters. However, no significant
differences in the data were found.
4.4.3. SUPERKAMIOKANDE. The SUPERKAMIOKANDE imaging water Cherenkov
detector is the successor of the KAMIOKANDE experiment. About 50 kilotons of ultrapure
water is used as the Cherenkov medium where a fiducial volume corresponding to 22.5 kt is
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used as the solar neutrino target. This is an upscale with respect to KAMIOKANDE by a factor
of ≈33, and the signal rate is of the order of about 10 per day. Data taking started in April
1996 with an electron energy threshold of 6.5 MeV. Meanwhile the threshold for the neutrino
energy was reduced to 5.0 MeV [135].
In order to achieve this threshold, special care was taken in background suppression. As
radioactivity from radon is the dominant background contribution, radon is removed from the
water to a limit of 5.7 mBq m−3 [136] which implies an improvement in radiopurity by a factor
of ∼100 compared to the KAMIOKANDE detector.
Precise energy calibration is essential for measuring the energy spectrum of the recoil
electrons. In SUPERKAMIOKANDE an electron linear accelerator is used for this purpose.
The Linac injects downward-going monoenergetic single electrons into the detector at an
energy which can be tuned between 5 and 16 MeV [56]. The calibration utilizes data from
the Linac at eight different positions inside the fiducial volume. The uncertainty in the beam
energy is 0.55% at 6 MeV and 0.3% at 10 MeV. The absolute energy scale is monitored for
stability and cross-checked using decay electrons from stopped muons, cosmogenically created
radionuclides, and a Ni(n, γ )Ni source.
Data reduction in SUPERKAMIOKANDE is achieved via rejecting external gamma rays
and muon-induced spallation events. The data sample is divided into energy bins of width
0.5 MeV from the threshold up to 14.0 MeV and into one additional bin combining data from
14.0 to 20.0 MeV. By analysing the angular distribution with respect to the position of the Sun
for each energy bin, the number of solar neutrino interactions is extracted. Figure 4 shows the
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Figure 4. Angular distribution of the SUPERKAMIOKANDE solar neutrino data [135]. The data
clearly point towards the Sun.
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combined angular distribution of these events. The region far from the forward peak provides
a measure of the background. It is found to be very close to being isotropic; only slight
directional anisotropies are found which may introduce an uncertainty of 0.1% in the reported
neutrino flux.
The background and the expected angular distributions of the solar neutrino signal
are incorporated into a maximum-likelihood analysis which yields the number of neutrino
events. Taking into account the cross-section of the νe -interaction, a 8 B νe -flux of φ =
6
−2 −1
(2.40 ± 0.03+0.08
s for 1117 d of data taking between 31 May 1996 and 24
−0.07 ) × 10 cm
April 2000 is reported [135].
This is in agreement with the KAMIOKANDE data at a 1 σ level. Comparison with
6
−2 −1
the expected value φ theo = (5.15+0.98
s from the reference solar model [19]
−0.72 ) × 10 cm
leads to the conclusion that the deficit in the solar 8 B flux which was already observed in
KAMIOKANDE persists. However, the significance of the deficit is enhanced due to the
substantial reduction in experimental uncertainty achieved in SUPERKAMIOKANDE.
The time behaviour of the measured flux shows very good agreement with the seasonal
variation expected from the eccentricity of the Earth’s orbit.
Due to the high statistics, it is possible to test neutrino oscillation parameters by comparing
the shape of the measured recoil spectrum with that expected from a Monte Carlo simulation
of the 8 B decay. The simulated events are passed through the same analysis cuts as the real
data. In order to compare the shape of the measured recoil spectrum with the expected one,
the ratio of the two classes is plotted for each energy bin in figure 5.
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Figure 5. Normalization of the measured electron recoil spectrum to the one expected from
8 B decay, with the reference model [19] referred to for the flux prediction [135].
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Though a slight deviation from a flat normalized shape is observed in the last high-energy
bins, a χ 2 -analysis of the entire spectrum shows agreement with the assumption of a flat
shape [135].
The rate of solar neutrino production by the reaction 3 He+p →4 He+e+ +νe (hep neutrinos,
end-point energy ≈16 MeV) contributes, according to the reference solar models, only a tiny
fraction to the emitted flux. However, as discussed in section 3, the cross-section for the
hep reaction is highly uncertain. The SUPERKAMIOKANDE collaboration deduces a limit
of <(hep)/<RSM (hep) < 13.2 from the high-energy part of their observed spectrum above
the 8 B end-point [135].
In part of the MSW scenario, a small enhancement of the solar neutrino flux during the
night when the neutrinos pass the Earth is expected. The small-angle solution (cf. section 5)
predicts an increase only when the neutrinos pass the core of the Earth which corresponds to
a zenith angle between 140◦ and 180◦ , whereas the large-mixing solution favours an enhancement throughout essentially the entire night. The observed day–night asymmetry for 1117
days of measurement is (D − N )/(D + N ) = −0.034 ± 0.022(stat.)+0.013
−0.012 (syst.) [135], where
D and N are the counting rates during the day and night, respectively. Hence, the data slightly
favour an enhancement during the night—however, only at a 1.3 σ level.
4.4.4. GALLEX and GNO. Neither the radiochemical 37 Cl experiment nor the water
Cherenkov detectors KAMIOKANDE and SUPERKAMIOKANDE are able to detect the
main bulk of neutrinos from the Sun: pp neutrinos from the initiating reaction of the solar
fusion network, which, according to table 1, contribute about 90% of the integral flux.
At present and most probably also for the next decade, a radiochemical method exploiting
the inverse β-decay reaction 71 Ga + νe → 71 Ge + e− will provide the only feasible way to
access solar pp neutrinos. This reaction, proposed by Kuzmin in 1966 [100], exhibits an energy
threshold as low as 233 keV, well below the end-point of the pp spectrum at 422 keV. The
reference solar model predictions for the rate of neutrino capture on gallium agree very well,
ranging between 124 SNU [30] and 129 SNU [19]. The reason is that the flux of pp neutrinos,
as explained in section 3, is closely linked to the well determined solar luminosity. Thanks to
their low threshold, the gallium experiments exhibit sensitivity to all solar neutrino branches,
with the pp and 7 Be components contributing about 55% and 27% to the predicted capture
rate. Table 5 lists the spectral response of a gallium neutrino detector.
Table 5. The spectral response of the gallium solar neutrino experiments: predicted capture rates for
the solar neutrino branches, according to the reference solar model [19], and capture cross-sections
on 71 Ga [18].
Component

Signal
(SNU)

pp

69.6

Cross-section
(10−42 cm2 )
11.72

± 2.3%

pep

2.8

Be

34.4

B

12.4

N

3.7

60.4

+ 6/−3%

O

6.0

113.7

+ 12/−6%

Integral

129+8
−6

204

Cross-section
uncertainty

71.7
2.4 × 104

+ 17/−7%
+ 7/−3%
+ 32/−15%
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GALLEX. The GALLEX experiment, operative from 1991 to 1998 [58, 67], employed
30 tons of natural gallium (isotope abundance of 71 Ga: 39.9%) in the form of 101 tons
of aqueous GaCl3 solution, acidified in HCl, as a neutrino target. The experiment, which
performed neutrino observations from 1991 to 1997, is installed in the Gran Sasso Underground
Laboratory (Laboratori Nazionali del Gran Sasso, LNGS) in Italy, which provides a rock
overburden of 3300 m.w.e. to shield against cosmic rays.
After a standing time of typically ≈30 d, the neutrino-produced 71 Ge (of the order of
5–10 atoms, typically), present in the form of GeCl4 , which is highly volatile in an acidic
environment, is extracted from the target solution (together with the ≈1 mg of stable isotopepure germanium carrier that had been added at the beginning of the standing time) by purging
the solution for about 12 h with 2500 m3 of nitrogen. The GeCl4 is absorbed in 50 l of water,
and, after a series of concentration and purification steps, transformed to GeH4 . Together with
xenon, the GeH4 is filled into a miniaturized low-background proportional counter [146] and,
after an initial calibration with a dedicated Ce fluorescence source [126, 141], counted for a
minimum of 180 d in a well shielded spectrometer [90], in order to detect the x-rays and Auger
electrons associated with the EC decay 71 Ge + e− → 71 Ga + νe (half-life T1/2 = 11.4 d [83]).
In order to improve background suppression, not only is the energy of every candidate event
recorded, but in addition, on several timescales, the digitized pulse shape. This makes an offline
analysis possible, which can exploit the fact that background signals caused by environmental
radioactivity or cosmic muons traversing the counter usually give rise to extended ionization
patterns, whereas genuine 71 Ge decays cause characteristic compact signatures [6, 58]. From
the time series of candidate events having survived all cuts in energy, pulse shape, and periods
declared dead time, the 71 Ge activity and therefrom the SNU value are determined employing
a maximum-likelihood method [38, 68].
In six years’ running time, the GALLEX collaboration accumulated a statistics of 65 solar
runs, subdivided into four data-taking periods (labelled as GALLEX-I to GALLEX-IV). The
final combined result as well as the individual results for the four periods are listed in table 6.
For a listing of the single-run results depicted in figure 6, we refer the reader to [68].
The overall GALLEX result is substantially lower than the prediction of any reference
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Figure 6. Individual run results of the GALLEX and GNO solar neutrino experiments (method
I) [73]. The combined results for the four GALLEX data-taking periods and the overall combined
result for all 65 runs are also marked, as well as the results for the subsequent GNO data taking,
GNO-I.
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Table 6. Results from the GALLEX solar neutrino experiment [68]. The two columns list the
results obtained by the GALLEX collaboration by analysing their data with two independent
methods (I: pulse rise time [58]; II: fit to the pulse [6]). Errors for the individual data-taking
periods are statistical only. Both methods show good agreement in the final number, decisively
indicating the presence of a statistically significant solar neutrino deficit for the integral flux, and
supporting the interpretation that the large variation present for GALLEX-III and GALLEX-IV in
method I is caused by a statistical fluctuation.
Period

Result, method I (SNU)

Result, method II (SNU)

GALLEX-I

83+19
−20

73+18
−19

GALLEX-II

76 ± 11

77 ± 10

GALLEX-III

54 ± 11

63 ± 11

GALLEX-IV

118 ± 19

105 ± 17

GALLEX-I to GALLEX-IV

+4.3
77.5 ± 6.2−4.7

74.6 ± 5.9 ± 4.6

solar model. This >5 σ effect, by itself, constitutes an indication for a particle physics solution,
i.e. non-standard neutrino properties, as any alternative attempt to explain the observed deficit
has failed to prove viable.
In this context it is important to note that the GALLEX collaboration has shown the
entire detection procedure, including the neutrino capture on 71 Ga, to function as expected, by
exposing their target twice to an intense, synthetic 51 Cr low-energy neutrino source of known
+0.11
16
activity ((6.34−0.16
)×1016 Bq and (6.91+0.33
−0.21 )×10 Bq for the two activations) [42,62,65,68]
71
and by adding a known amount of As to the target in order to produce 71 Ge in situ [66].
Figure 7 shows the results of the seventeen extractions performed with the target exposed
to the 51 Cr neutrino source, normalized to the known activity AEoA of the source at the end of
neutron activation.

Figure 7. Results of the GALLEX Cr-neutrino-source experiments. The figure shows for every
extraction the activity determined from the neutrino measurement, normalized to the known source
strength at the end of neutron activation. The solid line does not depict a fit to the data but represents
the expected behaviour resulting from the decay of the source with the 27.7 d half-life of 51 Cr. The
horizontal bars at the data points indicate the lengths of the respective exposures.

The combined results of the two irradiations of the chromium source performed by the
+0.12
GALLEX collaboration are R = Aν /AEoA = 1.01+0.12
−0.11 and R = 0.84−0.11 , respectively, for
+0.11
analysis method I, and R = Aν /AEoA = 0.99±0.11 and R = 0.85−0.10 for method II, resulting
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in an overall result of R = 0.93 ± 0.08 (method I) and R = 0.94 ± 0.08 (method II), both
numbers in perfect agreement and consistent with 100% [65].
Supplementing the neutrino-source experiments, the GALLEX collaboration has
performed, in view of the risk of contamination at the end of the solar neutrino campaign,
an experiment employing 71 As which decays by EC and β + to 71 Ge. A known activity of 71 As
(of the order of 105 atoms) was added to the target and, after a standing time allowing the 71 As to
decay, the 71 Ge was extracted, treated by the standard chemical procedure and counted. Varying
the experimental conditions in order to also test extreme scenarios, in all cases a quantitative
recovery of 100% was observed. The good statistics allowed the pinpointing of the recovery
yield to (100±1)% [66,97], excluding effects of hot chemistry which could in principle capture
71
Ge being produced in nuclear reactions into non-extractable components. Therefore, hence,
this ‘explanation’ for the observed solar neutrino deficit is excluded. Knowing the chemistry to
function perfectly, from the 51 Cr-neutrino-source experiments it is straightforward to conclude
that the capture cross-section on 71 Ga cannot be accounted for by the observed 40% deficit
either. In passing, we note that the GALLEX 51 Cr results have even been used to derive an
estimate for the contribution of Gamow–Teller transitions to the 175 keV and 500 keV excited
states to the neutrino capture cross-section on 71 Ga [65, 86, 88, 97].
Considering the accuracy of the reference solar models’ predictions, in addition to the
results from the 51 Cr and 71 As experiments, what remains as an explanation for the observed
solar neutrino deficit is a particle physics solution. In section 5 we will discuss this issue in
detail.
GNO. After the end of the GALLEX observations in mid-1997, the experimental set-up,
which had been continuously in operation since 1990, was modernized and upgraded. Early
in 1998, when all the activity introduced into the target with the arsenic tracer experiments
had decayed away, solar neutrino measurements recommenced with the new set-up within
the framework of the GNO experiment [71]. GNO (Gallium Neutrino Observatory) attempts
performing a precision determination of the integral solar neutrino flux with an accuracy well
beyond that of GALLEX, by monitoring solar neutrinos for a period of at least ten years,
corresponding to one complete solar cycle. An increased accuracy for the measurement
of the integral flux is essential for extracting separately the νe - and νµ,τ -fractions of the
individual neutrino branches from the cc and nc measurements being performed by the different
experiments, as the gallium detector is the only feasible way of accessing pp neutrinos for at
least the next decade.
In addition, GNO will also be able to increase its statistical significance for single-run
measurements and small groupings of some few runs. This is important for exploiting the realtime potential of the experiment (with the time resolution determined by the duration of target
exposure, which is constrained, by technical requirements, to minimally 12 h) for analyses of
the time constancy of the neutrino flux. Physical scenarios predicting the flux to vary with
time are, e.g., neutrino vacuum oscillations (cf. section 5 [142]), and a neutrino exhibiting a
magnetic moment.
In order to fulfil the prerequisites for this goal, the GNO collaboration plans to increase
its target mass from the present 30 tons to 66 tons (GNO-60) and later 100 tons (GNO-100),
and, in addition, is developing improved low-level counting techniques (cf. [9, 10, 71]) with
higher efficiency and better systematics. The aim is to achieve an error smaller than 4 SNU
for the final cumulated result.
The first GNO extraction was done on 23 April 1998, with continuous routine operation
of the experiment since then. Up to June 2000, altogether 24 solar runs have been performed.
The first GNO result, including data from 19 runs, is 66 ± 12 SNU [72,73], in good agreement

Solar neutrinos

125

with GALLEX results. Merging the GNO runs with the GALLEX data set by performing a
combined maximum-likelihood analysis results in 74 ± 7 SNU, with statistical and systematic
errors combined in quadrature.

4.4.5. SAGE. Like GALLEX/GNO, the Russian–American SAGE detector10 , installed in
the Baksan Underground Laboratory in the Caucasian Mountains, Russia, employs a gallium
target to detect solar neutrinos via the cc inverse beta-decay reaction 71 Ga + νe → 71 Ge + e− .
In contrast to the case for GALLEX/GNO, however, the target, comprising between 50 and
57 tons of gallium, is utilized in metallic form (melting point 29.8 ◦ C). Therefore, the chemical
procedures for extracting 71 Ge from the target differ from that for GALLEX: extraction is
performed by adding a mixture of deionized water, HCl, and H2 O2 to the target, and heating
and thoroughly stirring it, to produce an emulsion with the germanium entering into the oxide
film covering the gallium droplets, where it can then be removed from the gallium, concentrated,
and extracted into water in the form of GeCl4 . The subsequent experimental steps are similar
to those of GALLEX/GNO, i.e. further concentration, purification, and synthesis of GeH4 to
be used in a mixture with Xe as the counting gas in miniaturized proportional counters. Like
in GALLEX/GNO, counting is performed over a period of several months, in order to allow
for a reliable estimate of the time-constant background counting rate. For counter calibration,
done at regular intervals of about two weeks, standard 55 Fe and 109 Cd sources are used.
SAGE started solar neutrino recording in January 1990, and has been continuously
operative since then. However, in spite of employing a target mass almost twice as large
as that of GALLEX, the accuracy achieved so far is comparable to that of GALLEX. This
is mainly due to the fact that in the initial phase of the experiment, background problems in
counting prevented the collaboration from using L-peak data with 1 keV energy deposition
(≈50% of the 71 Ge decays), i.e. only the 10 keV K events could be analysed. In addition,
several extractions were entirely discarded due to potential uncontrolled systematics introduced
by a gallium theft (altogether 2 t or 3.6% of the total mass) occurring in the period between
November 1993 and June 1994. A detailed description of the experiment is given in [3].
The most recent published result from SAGE, comprising data from solar runs recorded
+7.0
between January 1990 and October 1999, is (75.4−6.8
(stat.)+3.5
−3.0 (syst.)) SNU [70], in good
agreement with the GALLEX results, and substantially lower than any solar model prediction.
Results for the individual data-taking periods are (81+20
−18 ) SNU (SAGE-I, January 1990–
May 1992), (79 ± 13) SNU (SAGE-II, September 1992–December 1994), and (72 ± 9) SNU
(SAGE-III, March 1995–October 1999).
Also the SAGE collaboration has shown the experiment to work as expected by irradiating
13.1 tons of the target with a synthetic 51 Cr-neutrino source of known activity11 (AEoA =
(517 ± 6) kCi [1, 2]). The result of the 51 Cr experiment in SAGE is R = Aν /AEoA =
0.95 ± 0.12(exp.)+0.035
−0.027 (theo.), perfectly consistent with 100% [3].
SAGE is continuing to record the integral solar neutrino flux with a target mass of about
50 tons, complementing the GNO measurement with different systematics and, important for
analyses of potential time variations, different extraction times. The collaboration plans to
increase the target mass by ≈8 t by recovering the gallium that has been removed from the
target in the course of the chemical extraction processes since the start of the experiment.
10

The acronym SAGE stands for Soviet–American gallium experiment.
The higher density of the metal target compared to the aqueous solution employed in GALLEX allows the achieving
of the same event statistics with a substantially lower source activity.
11

126

M F Altmann et al

4.4.6. SNO. The SNO experiment [50] is aiming to measure the flux of 8 B solar neutrinos
with a heavy-water Cherenkov detector. SNO is situated 2000 m underground in the Creighton
Mine near Sudbury, Canada [54].
The target is contained in an acrylic vessel 12 m in diameter. About 9500 photomultipliers,
mounted on an open geodesic support structure, are used to deliver the signals from solar
neutrino interactions. Each tube is 20 cm in diameter and is equipped with light reflectors,
leading to a 70% coverage in total. Figure 8 shows the set-up of the experiment.

Figure 8. A schematic drawing of the SNO experiment. The neutrino target, 1000 tons of heavy
water, is contained in an acrylic sphere, which is immersed in a light-water buffer to shield it
from external radioactivity. Altogether 9500 photomultipliers are installed on a geodesic sphere
surrounding the acrylic vessel.

In order to shield the target from external gamma rays, the heavy water is embedded in a
light-water buffer which is contained in a barrel-shaped cavity. Water and radon permeation
from outside is prevented by a thick polyurethane layer on the walls of the cavity.
The use of 2 H2 O as target offers the possibility of exploiting charged-current (cc) as well
as neutral-current (nc) interactions. Three reactions are used for neutrino detection:
νe + 2 H → e− + p + p
νx + H → νx + n + p
νx + e− → νx + e−
2

(cc)
(nc)
(elastic scattering (es); cc + nc).

The thresholds of the cc and the nc reaction on 2 H are about 6 MeV and 2.2 MeV, respectively.
Therefore both reactions can only be used for detection of solar 8 B neutrinos. However,
comparison of the reaction rates allows the simultaneous measurement of the flux of electron
neutrinos (νe ) and the flux independent of the flavour (νe , νµ , ντ ). This information constitutes
a signature for detection of neutrino oscillations to either another flavour (νe → νµ,τ ) or a sterile
neutrino (νs ). Direct neutrino spectroscopy is possible via the cc reaction by measuring the
electron energy. Hence, spectral distortions due to oscillations might be detected, too, yielding
independent information about the actual oscillation parameters. The energy resolution is
expected to be ≈20% on average for 8 B neutrinos.
The disintegration of deuterium in the nc reaction is going to be detected by two methods.
One way is to dope the water with MgCl2 , where Cl is used to capture the free neutrons
liberated by the neutrino-induced deuteron break-up. Here the resulting 8.6 MeV gamma
cascade will be detected. The second technique relies on 3 He-filled proportional tubes in the
water target. Neutrons captured by 3 He provide a signal that is entirely independent of the
photomultiplier array.
According to the reference solar model [19], SNO is expected to measure the following
event rates: 8800 cc events/year, 2600 nc events/year (MgCl2 ), 2300 nc events/year (3 He),

Solar neutrinos

127

and 1200 es events/year. In addition, the electron energy spectrum of the cc reaction will be
measured, which might be distorted by the presence of neutrino oscillations νe → νx . It is
important to note that the cc events can be separated from the es signals after reconstruction
of the directionality of the recoil electron, as this differs for the two reactions.
The main background for these measurements are gamma and beta decays limiting the
energy threshold for the cc reaction, and gamma rays with energies above 2.2 MeV capable
of photodisintegration of deuterium via the reaction γ + 2 H → n + p. The former background
may compromise the detection of a potential spectral distortion, whereas the latter jeopardizes
the nc measurement. Most of such background is likely to stem from decay products of the
uranium and thorium chains. In order to set a limit to the background rate of one neutron
per day, the mass concentrations of uranium and thorium in the heavy water have to be below
4.5 × 10−14 g g−1 and 3.7 × 10−15 g g−1 , respectively. In this case the expected signal-tobackground ratio for the nc reaction would be at about 13. Design limits on the surrounding
light water and the acrylic vessel are less stringent, and range in the 10−14 g g−1 and 10−12 g g−1
regions, respectively. All detector materials have been selected for low radioactivity and the
construction proceeded in a clean-room environment. Special care was taken to prevent buildup of mine dust during construction of the acrylic vessel, as just 10 g of dust would be sufficient
to account for a neutron rate equivalent to the nc signal. The collaboration succeeded in reaching
the stringent radiopurity design limits.
Calibration of the detector is being accomplished using laser sources at different wavelengths and a diffuser ball which can be positioned almost anywhere in the target volume via a
manipulator mechanism. In addition, light-emitting diodes are used for monitoring the detector
stability. Various gamma sources are used for energy calibration: 208 Tl at 2.6 MeV, 16 N at
6 MeV, and 20 MeV photons from (p, t) reactions. A sonoluminescent source provides short
pulses for time calibration, and a 8 Li source, produced by nuclear reaction, emits electrons
with an energy spectrum which is directly related to the solar 8 B spectrum. This source can
also be positioned with the manipulator mechanism.
Construction of the detector began in 1990 with the excavation works in the Sudbury mine.
In 1997 the acrylic vessel was completed and the procedure of filling of the vessels started.
Since summer 1999, SNO has been detecting solar neutrinos via the cc and es reactions. The
preliminary cc spectrum published in June 2000 [130] shows agreement with the shape expected
from the reference solar models; a thorough statistical analysis, however, has not yet been made
available. The latter applies also to the integral 8 B νe -flux detected by SNO. Neutral-current
detection will be accomplished in the second phase of the experiment, employing both of the
methods described above. Then SNO alone—without referring to the results of the other solar
neutrino experiments—can provide an answer to the question of whether oscillations take place
for 8 B neutrinos in the energy region above 5 MeV, and, in addition, which types of oscillation
occur—i.e. oscillations of νe to another flavour or to a sterile neutrino.
5. Implications
5.1. The solar neutrino puzzle
From the results of the running solar neutrino experiments, a number of conclusions can be
drawn. Firstly, all solar neutrino experiments observe a statistically significant signal above
zero. Hence, and this is a fundamental issue, the basic assumption of thermal nuclear fusion
as the process of energy production in the Sun is proven to be correct.
Secondly, however, all solar neutrino experiments observe a significantly lower number of
neutrinos than expected. This is illustrated in table 7 where the available experimental results
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Table 7. The significance of the solar neutrino deficit as observed in six experiments. The quoted
uncertainties are 1 σ , with statistical and systematic uncertainties quadratically summed. (This
table is adapted and updated from [97]; as the reference solar model, that of [19] was used.)
Homestake

KAMIOKANDE

SUPERKAMIOKANDE

GALLEX

GNO

SAGE

Experimental

2.56 ± 0.22

2.82 ± 0.38

2.42 ± 0.08

+7.6
77.5−7.8

65.8+10.7
−10.2

+7.8
75.4−7.4

result Ye

(SNU)

(106 cm−2 s−1 )

(106 cm−2 s−1 )

(SNU)

(SNU)

(SNU)

+6.7
74.1−6.8
SNU
+1.2
7.7−1.0

+0.98
5.15−0.72

prediction Yt

(SNU)

(106

Deficit Ye /Yt

0.33 ± 0.06

+0.13
0.55−0.11

Solar model

cm−2 s−1 )

+0.98
5.15−0.72

(106

cm−2 s−1 )

+0.09
0.47−0.07

129+8
−6

129+8
−6

129+8
−6

(SNU)

(SNU)

(SNU)

0.51 ± 0.09

0.58 ± 0.07

0.60 ± 0.07

+0.07
0.57−0.06

Significance

5.0 σ

2.9 σ

of deficit

3.8 σ

5.3 σ

5.2 σ

5.4 σ

5.6 σ

are shown and confronted with the respective theoretical expectations [19].
In calculating the significance of the observed deficit, one relies on estimations of
theoretical uncertainties. It obviously must be ensured that the relevant physics processes in the
solar interior as well as the input data like cross-sections and opacities are well understood. As
discussed in section 3, the state-of-the-art reference solar models seem to provide the required
reliable and experimentally tested description of the Sun.
5.2. Deficit of 8 B neutrinos
As long as the Homestake 37 Cl experiment was the only operative solar neutrino detector, the
observed deficit was naturally assigned to a reduction in 8 B flux. As discussed in section 4, 76%
of the expected signal stems from the highly temperature-dependent 8 B flux (φ(8 B) ∝ T 18 ),
and only 15% comes from the 7 Be neutrinos. Therefore, a reduction in the central temperature
(which is an output parameter in the solar model computations) of ≈5%12 could account for the
Homestake result. In addition, other scenarios (e.g. modifying ad hoc the S17 cross-section)
could be seen as responsible for the experimental result without violating the most fundamental
constraints like that of the solar luminosity. For a review, see e.g. [35]. We note, however
that any such attempt means using values different from those considered correct for one
or more input parameters of the solar model computations. Moreover, these ‘biased ad hoc
modifications’ have to be done in a correlated way in order to end up with the desired effect.
The situation changed with the availability of the KAMIOKANDE data in 1990, where
about 50% of the 8 B flux was seen. For standard neutrinos (i.e. no neutrino masses, no
neutrino oscillations) and assuming that the CNO and 7 Be flux predictions of the reference
solar model are accurate, this implied an expectation of ≈(4.8 ± 0.7) SNU for Homestake,
which is in conflict with the measured value of (2.56±0.22) SNU. This conflict persists with the
much more accurate SUPERKAMIOKANDE data which have meanwhile become available.
Indeed, the SUPERKAMIOKANDE result implies a 8 B contribution to Homestake of about
12

This can (in an ad hoc way) be achieved by putting in by hand certain input parameters in a correlated manner away
from the values which are considered to be the correct ones.

Solar neutrinos

129

3 SNU. This alone would still be compatible with Homestake results, taking into account
the large uncertainty of the 8 B flux prediction. However, and this is a much more dramatic
consequence, it implies (for massless standard neutrinos) the absence of any contribution of
the medium-energy neutrino branches from the pp and CNO chains to the Homestake 37 Cl
signal. In particular, no room is left for 7 Be neutrinos.
To resolve this problem also, it is no longer sufficient to ‘just’ lower the solar core
temperature in order to reconcile the 8 B flux with the SUPERKAMIOKANDE measurement.
As the intermediate-energy branches are much less sensitive to Tc than the 8 B flux, a temperature
reduction can never accomplish a stronger reduction for the intermediate-energy neutrino
branches than for the 8 B flux. In contrast, the requirement of an enhanced suppression of those
intermediate-energy fluxes is a hint that neutrino oscillations are involved.
5.3. Deficit of 7 Be neutrinos—a hint of oscillations
The gallium experiments (GALLEX and SAGE) for the first time offered the possibility of
covering the whole solar neutrino spectrum, including the most abundant pp branch. According
to table 5, the expected neutrino signal is Yt = Ypp+pep + YBe + YCNO + YB , with Ypp+pep = 73,
YBe = 34, YCNO = 10, and YB = 12 (all values in SNU). From the SUPERKAMIOKANDE
result one expects—in the case of standard neutrinos, i.e. the lack of any shape distortion of
the 8 B-neutrino spectrum—a 8 B contribution of about 6 SNU. The solar model prediction
for neutrinos from the CNO cycle is rather inaccurate, as it is for the 8 B flux; cf. sections 3
and 4. However, Ypp+pep is almost model independent, as it is very strongly correlated with
the solar luminosity. The 7 Be flux is only slightly model dependent, and even if we ad hoc
set the CNO flux equal to zero in an arbitrary way, the expected minimal values for gallium
experiments (Yt = (73 + 34 + 0 + 6) = 113 SNU) are significantly higher than the actual
observations of (74 ± 7) SNU for GALLEX/GNO and (75 ± 8) SNU for SAGE, respectively.
As the measured values are still consistent with the expected pp flux, it is likely that the
7
Be neutrinos can be considered as ‘missing’. This deficit cannot be explained by applying
minor modifications to the solar models, as illustrated in figure 9.
This puzzle of missing 7 Be neutrinos can even be shown in a maximally conservative
calculation which is completely independent of any solar model details [7]. In contrast,
a constraint for the 7 Be flux is determined from the single requirement that the following
experimentally determined parameters are reconciled: the solar luminosity, and the SUPERKAMIOKANDE and the GALLEX/GNO results. The branching ratios between the pp-I,
pp-II, and pp-III cycles are treated as free parameters. Figure 10 shows the 90% c.l. region,
indicating again a severe depression of the 7 Be-neutrino flux.
If, on the other hand, pp rather than 7 Be neutrinos were responsible for the deficit observed
in the gallium experiments, it would be impossible to reconcile this with the solar luminosity
without invoking non-standard neutrino properties.
In summary, we conclude that standard model (i.e. massless) neutrinos, which the results
of the calculations as shown in figures 9 and 10 are based on, obviously cannot reasonably
describe the experimental results. The latter, in contrast, provide strong evidence that the
flavour content of solar neutrinos is changed on their way from the interior of the Sun to
the Earth.
5.4. Neutrino oscillation scenarios
Trying to reconcile the experimental results with neutrino oscillations between two flavours,
four-parameter regions in the m2 –sin2 2θ plane turn out to provide a reasonably good fit to
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Figure 9. Predicted fluxes for the 7 Be- and 8 B-neutrino branches from several solar model
computations [22]. The area allowed from a combined fit to the results of Homestake, (SUPER-)
KAMIOKANDE, GALLEX and SAGE—assuming massless standard neutrinos—is also indicated.
With the best-fit value lying in the unphysical region φBe < 0, even the three-sigma contour is far
away from the model predictions.

the data. They are schematically depicted in figure 11.
One of them describes neutrino oscillations in the vacuum between the Sun and the Earth,
with m2 in the region of 10−10 eV2 and essentially maximal mixing, sin2 2θ  1.
The remaining three scenarios rely on resonant amplification of oscillations inside the
Sun via the MSW effect (cf. section 2). Though the exact locations of the best-fit parameter
sets in the m2 –sin2 2θ plane depend on the reference solar model being referred to13 [27],
three regions can be located. One of them is located around m2 ≈ 10−5 eV2 and mixing
angles in the range 10−3  sin2 2θ  10−2 . For this area of allowed parameters, the mass
range is insensitive to, but the mixing angle depends on, the 8 B flux prediction of the reference
solar model. This region is generally referred to as the ‘small-mixing-angle solution’ (the
SMA solution), in contrast to the second allowed region around 10−5  m2 eV−2  10−4
and almost maximal mixing, which is, accordingly, called the ‘large-mixing-angle solution’
(the LMA solution). At a low confidence level, a third region around m2 ≈ 10−7 eV2
and essentially maximal mixing appears for one of the reference solar models [21] (the
LOW solution).
13 The main reason is that, due to the present uncertainties of solar modelling, the various reference model computations
yield somewhat different predictions for the 8 B-neutrino flux <(8 B) (cf. section 3).
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Figure 10. The conservative experimental constraint for the solar 7 Be flux, obtained in a calculation
independent of any solar model details. The branching ratios between pp-I, pp-II, and pp-III are
treated as free parameters, with only the solar luminosity serving as a boundary condition. In the case
of no neutrino oscillations (i.e. for massless neutrinos), the results from the SUPERKAMIOKANDE
and GALLEX/GNO experiments suffice to severely constrain the 7 Be flux—even for the entire
absence of CNO and pep neutrinos.

Recently, several analyses with mixing among all three neutrino flavours have been
published. For the information which is available from the experiments, however, they do
not, for the time being, yield any in principle new neutrino parameter regions. We therefore
do not yet face the necessity of shelving ad acta the easy-to-interpret two-neutrino oscillation
scenario.
5.5. A way to pinpoint neutrino parameters—solar neutrino spectroscopy
Which of the neutrino oscillation scenarios compatible with the experimental data is in fact
realized in Nature is still to be investigated. However, there is a realistic potential for achieving
this goal by exploiting the various pronounced features which are expected for the different
allowed regions in the m2 –sin2 2θ plane.
For the vacuum oscillation solution with neutrino-mass-squared differences in the m2 ≈
−10
10
eV2 range, the oscillation length for neutrino energies around 1 MeV is comparable to
the seasonal distance variation caused by the eccentricity of the Earth’s orbit. Therefore, in
particular for monoenergetic neutrino lines like the 7 Be or pep branches, a pronounced seasonal
signature can be detected. In section 6.1 we will discuss this issue in detail in the context of the
upcoming BOREXINO project, which is perfectly suited to settling the question. We therefore
mention at this point only that the operating experiments GNO and SAGE, with augmented
statistical accuracy, also have a good chance of detecting the predicted seasonal variations,
thanks to the large 7 Be contribution in their spectral sensitivity (cf. table 5) [73, 142]. The
real-time capabilities of these radiochemical experiments with a realized time resolution of

132

M F Altmann et al

Figure 11. Allowed parameter regions (95% c.l.) for solar neutrino oscillations after analysis
of the measured fluxes in the gallium, chlorine, and SUPERKAMIOKANDE experiments.
Information from the spectral shape of the 8 B measurement and the day–night analysis of
SUPERKAMIOKANDE is not taken into account. The latter disfavours the ‘small-mixing’ and
‘vacuum’ solution at 95% c.l., as well as oscillations into sterile neutrinos.

some weeks14 are perfectly sufficient for this kind of study, which investigates rate changes on
a several-month scale.
Matter-enhanced neutrino flavour conversions also exhibit pronounced signatures which
are characteristic for the different areas in the m2 –sin2 2θ plane. Both the SMA and the
LMA solutions predict an energy-dependent distortion of the spectral shape in the energy
range accessible to the operating experiments. In the LMA case, the distortion affects
essentially all neutrino branches, in particular also the low-energy pp neutrinos. For the 8 B
neutrinos in the energy range above ≈5 MeV, which can be tested by SUPERKAMIOKANDE,
however, the LMA-predicted suppression is almost constant with energy. This means that
the experiment should observe a global νe -flux reduction but not detect a substantial spectral
distortion with respect to the shape expected for standard model neutrinos. The recent SUPERKAMIOKANDE data from a 1117 d data sample support this feature [135].
In contrast to the LMA region, the SMA solution exhibits a more pronounced spectral
distortion in the energy range of some MeV. For neutrino parameters lying in the SMA
region, the no-oscillation probability shows a characteristic ‘bathtub’-like shape. Whereas
pp neutrinos and the 384 keV 7 Be line remain essentially unaffected, in particular the mediumenergy region around 1 MeV, i.e. the pep and the 862 keV 7 Be line, is almost completely
14 The minimal achievable time resolutions were, due to the minimal time needed for performing the extraction of
germanium from the target, ≈1 d.

Solar neutrinos

133

suppressed. Towards higher energies, the oscillation probability decreases again, therefore
leading to a substantial shape distortion of the low-energy part of the 8 B-neutrino spectrum.
For SUPERKAMIOKANDE this means that the low-energy bins should be more strongly
suppressed than the high-energy bins. We note, as a word of caution, that whether or not a
SMA parameter set leads to an energy-dependent spectral distortion which is observable in the
SUPERKAMIOKANDE low-energy bins depends to some extent on details of the solar model
referred to, particularly on the S17 cross-section value. As discussed in section 3, S17 is not
accurately determined experimentally. However, direct measurement of the νe -components of
the medium-energy neutrino branches around 1 MeV will confirm or definitely rule out the
SMA solution without suffering from model uncertainties.
Both the LMA and SMA regions predict a partial regeneration of the 8 B-electron-neutrino
component by an MSW-like resonant amplification of the oscillation, probability in the matter
of the Earth. Therefore, SUPERKAMIOKANDE might see a flux enhancement during the
night, when neutrinos traverse the Earth’s interior. Whereas for neutrino parameters in the
SMA region and neutrino energies exceeding the SUPERKAMIOKANDE energy threshold,
the resonance condition is only fulfilled when neutrinos traverse the Earth’s inner core, the
LMA region predicts an enhancement throughout more or less the entire night. As already
discussed in section 4.4, SUPERKAMIOKANDE reported a slight—though statistically not
yet significant—day–night asymmetry, which tends to favour the LMA interpretation.
For the LOW region, a pronounced day–night effect is predicted for the medium-energy
neutrinos around and below 1 MeV. Unfortunately, the time resolution of the radiochemical
gallium experiments is not sufficient for directly testing for this effect, and the statistical
accuracy that they have reached so far is not sufficient to allow one to indirectly probe it by
investigating the data for the presence of an ≈5 SNU [55] difference between winter and
summer data, caused by the inclination of the Earth. Therefore, the results of the upcoming
experiments BOREXINO and KAMLAND, which directly investigate the medium-energy
region, must be awaited.
6. Prospects: future solar neutrino experiments
6.1. BOREXINO
The aim of BOREXINO, placed in the Italian Gran Sasso Underground Laboratory, is the first
individual determination of the solar 7 Be-neutrino flux [31]. Neutrinos will be detected by
elastic scattering on electrons of a liquid organic scintillator with a total mass of about 300 tons,
ν +e− → ν +e− . This scattering process is described in standard electroweak theory, including
radiative corrections, at an accuracy of ≈3% for the energy range of ≈1 MeV and below. The
monoenergetic 7 Be neutrinos with Eν = 0.862 MeV yield a unique flat-box recoil profile with
a spectral edge at 0.66 MeV. The edge is determined by the energy of the monochromatic
7
Be-neutrino branch; thus it offers a signature for the reaction.
Figure 12 shows schematically the detector design of BOREXINO.
A fiducial volume of about 100 t for solar neutrino interaction can be defined, and the
outer part of the scintillator sphere serves as an active additional shielding against external
background. Between the two steel tanks, deionized water acts as shielding against external
gamma and neutron radiation and in addition as a medium for an outer Cherenkov detector in
order to recognize high-energy intersecting cosmic muons.
6.1.1. Neutrino rates in BOREXINO. The scattering of νe is driven by the charged (cc) and
neutral (nc) weak currents, i.e. W± and Z0 exchange, whereas νµ - and ντ -scatterings occur
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Figure 12. A schematic sketch of BOREXINO. The ultrapure scintillator (300 t) inside a nylon
vessel is shielded differentially by means of a liquid buffer (1040 t), a steel sphere 13.5 m in
diameter on which the 2200 photomultiplier tubes are mounted, and an outer water buffer which is
contained in an external steel tank with dimensions of 18 m. A transparent nylon shroud hinders
radon convection in the liquid-buffer region. Additional tubes mounted on the outer surface of
the steel sphere allow detection of penetrating muons via the Cherenkov light that they emit when
traversing the outer water buffer.

only via the nc reaction. Thus the effective cross-section depends on the neutrino flavour. In
the 7 Be-neutrino signal window, the counting rate which is exclusively due to nc reaction is
23% of the total νe –e− scattering rate. Thus, even for complete conversion of the 7 Be neutrino
into another flavour, BOREXINO will record a significant 23% of the solar model signal.
Sterile neutrinos. The 7 Be neutrino signal will be less than this limit if neutrinos are converted
to sterile, e.g. right-handed species, because in this case the interaction is reduced to vanishing
levels by the factor (mν /Eν )2 . Barring an unlikely mechanism that severely reduces only the
7
Be flux without affecting basic features of the reference solar model and helioseismology
results [139], BOREXINO offers a unique method for clear recognition of sterile neutrinos.
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MSW-converted neutrinos. Both the SMA scenario and the LMA solution result only in
7
Be νe -flux deficits (cf. section 5), whereas the integral 7 Be-neutrino flux in all three flavours
(νe +νµ +ντ ) remains unaffected. However, the sizes of the νe -deficits differ substantially in the
two cases. For the SMA region, the 7 Be νe are almost completely converted. Thus, we expect
a pure νµ,τ -signal in BOREXINO, i.e. close to the limit of ≈0.23 of the solar model prediction.
In the LMA region, the conversion is less strong, ≈47% of the solar model flux [19]. Hence
the expected signal in BOREXINO is ≈0.6 of the solar model prediction.
For the LOW region, the time-averaged signal in BOREXINO is about the same as in the
LMA area, but the 7 Be-neutrino signal shows a remarkable day–night variation [31]. At night,
solar neutrinos reach the detector after passage through the Earth, where some of the νµ,τ from
conversion in solar matter can be reconverted to νe by terrestrial matter, thus increasing the
signal in BOREXINO. As the day–night signal difference depends on the angle of the incident
neutrino, a slight seasonal variation should in addition be expected.
Vacuum oscillations. Due to the Earth’s eccentric orbit, neutrino vacuum oscillations would
result in significant seasonal fluctuations of the counting rate of BOREXINO for m2 ≈
10−10 eV2 . Figure 13 shows the predictions for two values of m2 , both compatible with
present data.

Figure 13. The seasonal variation of the counting rate in BOREXINO in the case of vacuum
oscillations. The dotted curve refers to the expected signal in the no-oscillation case, its depletion in
summer indicating the Earth’s eccentricity which accounts for an ≈7% effect. Neutrino oscillations
appear in a very distinct manner for the monoenergetic 7 Be line. Two oscillation parameter sets,
m2 = 4.2 × 10−10 eV2 (full line) and m2 = 3.2 × 10−10 eV2 (dashed), have been used to
demonstrate that this parameter can be determined with high accuracy. In both cases, full mixing
was assumed. The broadening of the Be line due to the temperature in the solar centre as well as
the source position distribution in the Sun have been taken into account.
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As m2 becomes larger, the time variations become faster, approaching weekly and daily
oscillations. Such values of m2 are allowed for the 7 Be line only up to m2 ≈ 10−8 eV2 ,
when the oscillations become so fast as to lose coherence [132].
Table 8 summarizes the expected neutrino rates in BOREXINO depending on the physics
scenario. Here not only solar 7 Be-neutrino fluxes, but also the numbers of pep, 8 B, and
CNO neutrinos are shown. The latter is calculated for the energy range below 5.5 MeV which
might not be covered by Cherenkov detectors like SNO and SUPERKAMIOKANDE. All
interaction rates are calculated at tree level; radiative corrections are not included.
Table 8. Counting rates (events per day) expected in BOREXINO via ν–e− scattering for four
physics scenarios: the reference solar model (RSM) [19], and the three MSW scenarios LMA,
SMA, and LOW (cf. section 5). The rates are calculated for the mean Sun–Earth distance, for
113 m3 fiducial volume, and for a pseudocumene scintillator target. No radiative corrections
are included. For the LMA and SMA solution, m2 = 1.8 × 10−5 eV2 , sin2 2θ = 0.76 and
m2 = 5.4 × 10−6 eV2 , sin2 2θ = 5.5 × 10−3 have been used, respectively. The parameters
utilized for the LOW scenario are m2 = 7.9 × 10−8 eV2 , sin2 2θ = 0.96.
Recoil energy
window
(MeV)

Neutrino
branch

RSM
(d−1 )

LMA
(d−1 )

SMA
(d−1 )

LOW
(d−1 )

0.25–0.80

pp

0.80–1.50

1.50–5.50

0.22

0.15

0.08

0.13

7 Be

43.3

24.4

9.20

22.8

pep

2.0

0.95

0.39

1.03

13 N

4.0

2.27

0.87

2.13

15 O

5.5

2.86

1.12

2.86

17 F

0.07

0.03

0.01

0.03

8B

0.08

0.03

0.04

0.04

Integral

55.2

30.7

11.7

29.0

pep

1.43

0.68

0.28

0.73

13 N

0.13

0.07

0.03

0.07

15 O

1.80

0.86

0.35

0.92

17 F

0.02

0.01

0.00

0.01

8B

0.10

0.04

0.05

0.05

Integral

3.48

1.66

0.71

1.78

8B

0.454

0.174

0.217

0.232

6.1.2. Background in BOREXINO. The energy-dispersive observation of such rare lowenergy events has never been attempted because of the formidable intrinsic background of the
detector medium itself, arising from ubiquitous natural radioactive contaminants. As discussed
in section 4, the only energy-dispersive observations of solar neutrinos to date have therefore
been made above ≈5 MeV.
The radioactive contaminants of most concern in BOREXINO are the primordials 40 K,
238
U and 232 Th with their decay products 226 Ra and 210 Pb, the noble gases 222 Rn and 85 Kr,
and 14 C which obviously cannot be removed chemically from an organic liquid. The demands
on purity in terms of radioactivity in BOREXINO, especially for the scintillator itself, are
challenging. In order to be able to extract a clear signal over background also in the case of
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total flavour conversion, an intrinsic concentration in uranium and thorium of about 10−16 g g−1
should not be significantly exceeded, and the ratio 14 C/12 C is tolerable to an upper limit of
≈10−18 .
Active background recognition ‘in situ’ is based on identification of alpha pulses from
the uranium and thorium decay chains by means of pulse shape information, identification
of Bi–Po delayed coincidences, and identification of the 220 Rn–216 Po delayed alpha–alpha
coincidence sequence. The former is used to determine the radium concentration; the latter
provides a measure of the thorium contamination in the scintillator. The content in uranium
itself can be determined by analysing scintillator samples with the neutron activation analysis
(NAA) method. Cosmogenically produced radioactive nuclei can be tagged by the muon veto
system (see figure 12).
In order to test the feasibility in principle of BOREXINO, the collaboration was running the
Counting Test Facility CTF at the Gran Sasso Underground Laboratory. The results obtained
were encouraging: 14 C/12 C: 1.94×10−18 ; 238 U: (3.5±1.3)×10−16 ; 232 Th: (4.4±1.5)×10−16 .
A complete discussion of the CTF results including experimental techniques for further
background suppression are given in [45] and [46]. In addition, highly sensitive NAA has
been developed, providing an independent test of the radiopurity which allows important tests
on the secular equilibrium of the decay chains. With NAA, an upper limit for uranium in
organic liquid scintillators of 238 U < 1 × 10−17 (90% c.l.) has been measured after several
purification steps based on silica-gel chromatography and water extraction. By this method,
concentration values or limits have been determined for various isotopes, including synthetic
nuclei, for different detector materials [89].
6.2. KAMLAND
The KAMLAND project [134] started in 1997, aiming for a long-baseline reactor neutrino
measurement in order to probe the LMA MSW scenario. The primary target of KAMLAND
(Kamioka liquid scintillator antineutrino detector) is the direct search for neutrino oscillations
using electron antineutrinos (ν̄e ) from nuclear power reactors at distances between 140 km and
210 km. Neutrino detection employs the inverse beta decay on free protons of the scintillator:
ν̄e + p → e+ + n at an energy threshold of 1.8 MeV. Signal separation from background events
is possible via the delayed coincidence between the prompt e+ and the delayed 2.2 MeV
γ arising from neutron capture on a proton. In measuring the positron energy, neutrino
spectroscopy is possible, because of the negligible kinetic recoil energy of the neutron.
Using reactor neutrinos, neutrino oscillations can be observed only in the disappearance
mode, since the energies of the reactor ν̄e are limited to ≈9 MeV. However, the expected
neutrino mixing in the LMA region is large and the effect is therefore observable even in a
disappearance experiment. Since the distance between the neutrino source and the detector is
long enough, the corresponding L/Eν parameter region of the LMA scenario can be probed15 .
The detector assembly is basically equivalent to that of BOREXINO. However, the detector
volume is significantly larger. About 450 inverse beta events are expected in the no-oscillation
case for a fiducial mass of 600 t. This is to be compared to the expected background rate of
time-correlated signals, which should be ≈8 per year assuming 10−14 g g−1 for U and Th,
10−12 g g−1 for K, and 0.5 mBq m−3 for Rn concentrations in the scintillator.
In a second phase, the collaboration plans to aim for observation of 7 Be and 8 B solar
neutrinos. With neutrino scattering on electrons, the same reaction as in BOREXINO is going
to be used. The photoelectron yield of the detector set-up is ≈110 per MeV energy release,
i.e. only about 27% of that of BOREXINO. However, it is good enough to reach a threshold
15

As antineutrinos are being investigated, this conclusion holds under the assumption of CP T conservation.
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of ≈300 keV for the recoil electron and to be sensitive to 7 Be neutrinos. About 940 8 B events
per year and 110 7 Be signals are expected according to the solar model prediction for 560 t
and 300 t fiducial mass, respectively.
Since the detection reaction is the same as in BOREXINO, the two experiments have
similar potentials for distinguishing between different physical scenarios, and we refer the
reader to the discussion in the previous section. In situations where the statistics is crucial,
KAMLAND could offer a conclusive result. An example is the detection of 8 B neutrinos
in the energy range below the threshold of SUPERKAMIOKANDE and SNO, where the
counting rate in BOREXINO is expected to be rather small (i.e. ≈0.2 counts per day for the
MSW regimes; cf. table 8), which makes the study of the spectral shape awkward. However, the
cosmic muon flux being ≈9 times higher compared to that of Gran Sasso, there is a caveat: the
cosmogenic background in KAMLAND is substantially higher and might turn out to constitute
a serious problem.
It should be noted that the LMA scenario will also be probed via long-baseline measurement using European reactors in BOREXINO, however at a much smaller counting rate of
≈30 events per year [129]. With the scintillator purity achieved in the CTF and due to the
good shielding against cosmic muons, the background rate in BOREXINO is expected to be
significantly below one event per year.
Both experiments, KAMLAND and BOREXINO, are aiming for detection of terrestrial
neutrinos, too. Hence, the radiogenic heat of the Earth which stems mainly from U and Th
decays can be measured for the first time. The expected flux depends strongly on geophysical
models of the abundance of U and Th in the continental crust, oceanic crust, upper mantle,
and lower mantle. Due to the different locations of the two experiments, the comparison of
results on terrestrial neutrinos in KAMLAND and BOREXINO can distinguish between these
models. For details, see e.g. [119].
6.3. GNO upgrade: GNO-66 and GNO-100
The Gallium Neutrino Observatory at Gran Sasso currently employs the GALLEX target of
30 tons of gallium in the form of 101 t of GaCl3 solution. However, to fully exploit the
potential of performing a high-precision determination of the integral solar neutrino flux in
the cc mode, and, in particular, to exploit the real-time capabilities of the experiment for
investigating potential time variations, a substantial improvement of the statistical significance
for both the overall data set and individual extractions is mandatory.
Apart from improving on the systematic error, the collaboration plans to increase the
target mass to 66 tons and, in a further step, to 100 tons [71]. With a target mass of 100 tons,
corresponding to a neutrino capture rate of as much as about three events per day, the experiment allows one to even probe time variations on the month scale, as e.g. expected for the
vacuum oscillation scenario described in section 5. Figure 14 shows the estimated evolution
of the statistical and systematic error of the overall GNO result. The ultimate goal is to reach
an accuracy of better than 4% for the combined overall result.
To underline the potential offered by this precision, we note that for a neutrino capture
rate of 74 SNU, i.e. the final GALLEX number properly combined with the additional data
from the first 19 GNO runs, an error that small would allow one to exclude standard model
neutrinos by just considering the solar luminosity16 — without reference to any solar model or
any other solar neutrino experiment!
16 The minimum requirement for preserving the observed solar luminosity is 80 SNU. This most conservative number,
the lowest which is allowed for standard neutrinos, does not require any neutrinos of higher energy than those from
the initiating pp reaction to be produced in the solar core.
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Figure 14. Estimated error evolution for GNO [71]. The first milestone (GNO30-2000) has been
accomplished [73].

The first step, the upgrade to 66 tons, can be accommodated without major constructional
endeavour within the existing experimental installations of GNO. For a further upgrade to
100 tons, some enlargements of the storage and extraction apparatus must be foreseen.
In addition to increasing the mass of the target isotope, the GNO collaboration is
investigating the feasibility of employing cryogenic detectors instead of proportional counters
for the detection of the 71 Ge back-decay [9, 10]. Apart from gaining in systematic error, the
main motivation for this ‘R&D’ which has shown promising progress [102, 143] is the desire
to increase the counting efficiency by about 30–35% to a value close to 100%. Improving this
number, which directly influences the statistical uncertainty, is equivalent to a corresponding
increase of the target mass. There is some prospect, therefore, that the GNO performance
might even exceed the expectations outlined in the proposal [71] and shown in figure 14.
6.4. The day–night effect in the Homestake iodine experiment
In the Homestake gold mine, the location of the chlorine experiment, a second radiochemical
solar neutrino detector is being installed [40]. It will initially have a target mass of 100 tons
of 127 I as NaI dissolved in water (altogether 230 tons of solution). First test runs were started
in 1997.
127
I is an appropriate target material for the charged-current-mode investigation of solar
neutrinos of intermediate energy, in particular 7 Be neutrinos. As the transition to the 127 Xe
ground state is forbidden by angular momentum conservation, the lowest nuclear state accessible in the reaction 127 I + νe → 127 Xe + e− is an I = 3/2+ level 125 keV above the 127 Xe
ground state, resulting in an energy threshold of 789 keV, well below the 860 keV 7 Be-neutrino
line. As, in contrast to the case for 37 Cl, there is no enhanced contribution from an isobaric
analogue state, the spectral response of the 127 I detector is to some extent complementary to
the Homestake 37 Cl experiment.
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Though detailed differential cross-section measurements remain to be done, from theoretical considerations, the ratio of the cross-section of 1 MeV neutrinos to that in the 8 B energy
domain is expected to be about four times higher than for 37 Cl [52, 53, 87]. Therefore, the
experiment will provide valuable information on the contribution of 7 Be neutrinos in the
cc mode.
The technique of the 127 I experiment is radiochemical, with an extremely short extraction
time constant of only 12 min (corresponding to 99% Xe recovery in one hour of operation) [40].
Therefore, the experiment exhibits real-time capabilities which allow one to perform two
extractions per day, one at 6 a.m. to acquire the xenon produced at night, and the other at 6 p.m.
to extract the 127 Xe produced during the day. The day and the night samples are accumulated
in two separate charcoal traps for a period of about a month, before being transferred to
proportional counters in order to detect the back-decay of 127 Xe (T1/2 = 36.4 d). 127 Xe
detection is virtually background free, due to the distinctive signature of an Auger electron–γ
coincidence.
The comparison of the results for the day and night samples allows one to probe matterenhanced neutrino conversion taking place in the Earth (the terrestrial MSW effect). This
information will be complementary to tests of the day–night effect performed by SUPERKAMIOKANDE, due to the sensitivity of the 127 I experiment to 7 Be neutrinos.
6.5. The far future
6.5.1. LENS. The proposed LENS (Low Energy Neutrino Spectroscopy) project [107]
aims for low-energy solar neutrino spectroscopy in the cc mode. Here inverse beta decay
on nuclei with small energy thresholds is going to be used. Since electron scattering as it
is used in BOREXINO is sensitive to both charged- and neutral-current interaction, flavour
conversion can be proven by comparing the LENS and BOREXINO event rates. For the
SMA MSW scenario, LENS will see a drastically reduced flux, whereas BOREXINO and
KAMLAND will measure the flavour-converted part with an amplitude of ≈23%, according
to the reference solar model. In the case of conversion into sterile neutrinos, all three
experiments would measure a 7 Be flux which is consistent with zero. Vacuum oscillations
provide seasonal variations in the cc measurement of 7 Be neutrinos in LENS. However, because
of the substantially higher statistics in BOREXINO and KAMLAND, the latter experiments
are much better suited for providing clear evidence for vacuum oscillations.
For LENS, several target nuclei have been considered. Among them, 160 Gd and 176 Yb
are being favoured by the collaboration. Both offer energy thresholds low enough to enable
pp-neutrino detection. Due to the isomeric states occupied in the daughter nuclei, delayed
coincidence techniques can be applied to achieve a substantial background suppression. Since
the target nuclei will be embedded inside an active detection material (e.g. liquid scintillator),
neutrino spectroscopy is possible. Transition strengths have been calculated [118] and are
confirmed experimentally by measuring the nuclear matrix elements via (p, n) and (3 He, 3 H)
reactions [43], however only with an accuracy of 20–30%. For reasonable counting rates,
target masses of the order of ≈10 t are required. Due to the large uncertainty in the crosssection, direct calibration with a synthetic neutrino source of known activity (e.g. 51 Cr), as was
performed in the gallium experiments GALLEX and SAGE [1, 62, 65], is mandatory.
Table 9 lists some characteristic features of both target isotopes which were investigated
for LENS. It is evident that the very low energy release (≈100 keV) of the delayed event and
the short coincidence time require a sensitive and fast detection concept. Since not only the
time correlation but also the position correlation between prompt and delayed events should be
used as a neutrino signature, the detector has to be position sensitive as well. The collaboration
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Table 9. Potential reactions for a LENS-type neutrino experiment employing the charged-current
mode. In principle, the energy threshold Ethr allows neutrino spectroscopy of all solar neutrino
branches. Delayed coincidence techniques can be applied to improve background suppression.
The table lists the counting rate for solar pp, Be, and pep neutrinos per ton of target (in natural
isotopic abundance) and per year.
νe (160 Gd, 160 Tb)e−

νe (176 Yb, 176 Lu)e−

Ethr

244 keV

301 keV

Edelayed

138.7 keV

72 keV

τdelay

8 ns + 87 ns

50 ns

Isotopic abundance

21.8%

12.8%

pp rate

10 a−1 t−1

21.7 a−1 t−1

a−1 t−1

13.1 a−1 t−1

0.5 a−1 t−1

0.83 a−1 t−1

7 Be

rate

pep rate

7.5

is testing liquid scintillators loaded with Gd and Yb at the ≈10% concentration level—with
encouraging first results [120]. However, it remains to be demonstrated that such a heavily
doped scintillator, exhibiting long-term chemical stability, a high enough light output and
transparency, and a sufficiently low intrinsic activity, can be manufactured in the required
quantities.
Fake neutrino candidates can arise from random coincidences, where the dominant
background for the delayed event comes from 14 C beta decays in the organic solvent. The
prompt signal can be mimicked by primordial radioactive isotopes (see the background
discussion for BOREXINO in section 6.1) and contaminants endemic to rare earths (e.g. Gd,
Sm, Lu). Random coincidences can be measured in vivo and removed statistically from the
signal spectrum.
However, this is not possible for correlated background events. These can arise mainly
from 231 Th, a daughter of 235 U, whose decay scheme mimics the neutrino signal. The
production of Yb or Gd therefore should achieve a purity in U at a level of 10−15 , and for
the solvent itself this value should reach 10−16 , as was obtained for BOREXINO for a pure
scintillator without Gd or Yb loading. Cosmogenically created cascades have been found in
Gd, where 151 Gd, 153 Gd, and especially 159 Eu are produced in hadronic showers from highly
energetic muons. No cosmogenic background candidate has been identified for Yb.
The LENS collaboration submitted a letter of intent to the scientific committee of the Gran
Sasso Laboratory in spring 1999. A proposal is in preparation.
6.5.2. Radiochemical lithium detector. A radiochemical experiment employing the reaction
Li + νe →7 Be + e− (energy threshold 0.86 MeV) can add to the information on the mediumenergy part of the solar νe -spectrum extracted from the 37 Cl and future 127 I experiments. It
should be noted, however, that the spectral response for the lithium capture reaction is not
dominated by one particular spectral component—as is the iodine reaction—but is instead
unspecific. 7 Be decays with a half-life of 53 d by electron capture. However, as only 10%
of the decays populate a 478 keV excited nuclear level, the detection of the 55 eV Auger
electron from orbital shell de-excitation and the 57 eV nuclear recoil is mandatory for a future
Li detector. An Italian–Russian collaboration is studying the feasibility of a ten-ton detector,
where cryogenic microcalorimeters will be employed for lithium detection [57, 98]. First
results on both the chemical procedure for handling the target and extracting the beryllium and
the low-temperature counting technique are promising.
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6.5.3. HERON. The HERON project aims at an energy-dispersive real-time measurement of
primarily pp and 7 Be neutrinos [4, 23, 106]. It is planned to employ a 10 t target of superfluid
4
He and to rely on an entirely new particle detection concept.
Recoil electrons from neutrino–electron scattering in the superfluid 4 He will produce both
rotons and ultraviolet photons at an extraordinarily high multiplicity: about 107 rotons/phonons
and 103 UV photons are created by a 50 keV electron. The prompt photon signal and a
delayed signal from quantum evaporation initiated by the phonons/rotons at the free surface
are detected by arrays of silicon or sapphire wafer calorimeters placed above the surface of the
liquid. Position resolution is obtained from the distribution of the hit wafers and the timing
difference of the prompt and delayed part of the signal.
For a ten-ton detector (size about 5 × 5 × 5 m3 ), the event rate expected from the reference
solar model is 18 events/day from the pp flux and 7 events/day from the 7 Be flux [106]. The
main source of background is Compton electrons from residual radioactivity in the cryostat
external to the liquid. Background reduction is achieved by imposing topological cuts.
The ‘R&D’ conducted by the HERON collaboration demonstrated the feasibility in
principle of the new detection concept and gave promising results [4, 106]. A major challenge
to be accommodated is the improvement of the wafer sensitivity for use in large volumes
by a factor of ≈20; employing recent developments of magnetic cryogenic calorimeters or
superconducting transition-edge thermometers might lead to a breakthrough for this item.

7. Conclusions
Massive neutrinos in conjunction with flavour mixing among leptons had already been
discussed as an attractive explanation of the solar neutrino puzzle many years ago. Recent
years, however, with the availability of increasingly accurate measurements from several
complementary experiments, have led to a qualitatively new situation in solar neutrino physics.
As discussed in this article, from these results, evidence for massive neutrinos and therefore
physics beyond the standard model can be concluded.
However, this evidence is still indirect, as it is exclusively based on the disappearance of
electron neutrinos emitted from the Sun. With solar neutrinos, no straightforward appearance
experiment is possible for energetic reasons. What remains, however, is the possibility of
utilizing for detection of solar neutrinos both neutral-current and charged-current interactions.
Following both avenues allows one to extract the flavour content. Obviously, this strategy
constitutes a fully viable realization of the ‘appearance’ method.
As oscillation effects are generally energy dependent, the ultimate experimental challenge
is the full spectroscopy of the solar neutrino spectrum via both neutral- and charged-current
interactions. With the upcoming and near-future experiments, we will have the possibility
of scrutinizing intrinsic neutrino parameters, i.e. masses and mixing angles, by determining
separately the content of νe and νµ + ντ for every individual neutrino branch emitted by our
Sun.
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